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a Society of Exploration Geophysicists : 


individual experience of 
National crew members, backed by the experience of 
National's geophysicists and technicians is just one of the 
outstanding qualities that goes into a National survey. In 
addition to the individual’s experience and skill in the tech- 
niques of obtaining and evaluating geophysical data, which 
averages over 18 years by our staff members, comes National's 
background of company-wide experience in performing sur- 
veys in practically all of the oil producing sections of the 
United Sictes and Canada. 

If you afe planning a seismic survey, the chances are that 
National's experience has already been at work in the area 
you have in mind. 


NATIONAL GEOPHYSICAL COMPANY, INC. 
8800 LEMMON AVENUE DALLAS, TEXAS 
HOUSTON MIDLAND © DENVER ©  SHREVEPORT 


NATIONAL GEOPHYSICAL COMPANY OF CANADA, LTD. 
CALGARY, ALBERTA, CANADA 


For International surveys Contact NAMCO International, P. O. Box 
13127, Dallas, Texas — Phone Fleetwood 2-2671. 
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ALTIMETER 
SURVEYS 


AMERICAN PAULIN SYSTEM 


MICRO 
SURVEYING ALTIMETER 
Intervals as close as ONE FOOT 


Models available in all ranges. 


ENGLISH or METRIC. 


Designed for rugged 
field use under all 
climatic conditions. 


Price in U.S.A. 
MICRO MODELS $300 
TERRA MODELS $250 


WRITE FOR 
DESCRIPTIVE CATALOG 


MICRO 
SURVEYING 


BAROGRAPH 


¢ CHART READING IMMEDIATELY 
AVAILABLE 


e ACCURATE, SENSITIVE, (Same as our 
Micro Altimeter) 


e EASILY READ 
e DEPENDABLE 
e LIGHT WEIGHT — EASILY PORTABLE 


PRICE IN U.S.A.: $790 complete 
READY FOR USE 


MADE IN 


U.S.A. 
> 


INSTRUMENT 
RECORDER 


PRECISION RECORDER 
REPLACES BASE OPERATOR 


AMERICAN’ 
PAULIN SYSTEM 
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a COMPLETE LINE 
of bits for all soft- 
medium-hard 

formation drilling 


A Cone-Type Rock Bit . . . for 


BF, Oil and Minerals Exploration and 
— Quarry Blast Hole Drilling . 


now included in the 
“Blue Demon” All-Formation drill bit 
line. 


Designed for drilling harder formations 
than are regularly recommended with 
the patented “Blue Demon” Replaceable 
Blade Bits, the Cone-Type Rock Bit is 
available from authorized Hawthorne 
dealers in 3%”, 44%”, 4¥%2”, 454” and 
5%” sizes. 


Consistently priced, wherever you go, ask 
for Hawthorne Bits for all your drilling 
requirements. 
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NOW OPERATING! 


a 
Seismic Data 
Reduction Center 


The Oil Industry's 
FIRST General Contract 
Seismic Reduction Service 


What Century’s SEISMIC Data 
Reduction Service Means To You... 


am A cross section of seismic 
records corrected with- 
out distortion for normal 
move-out, weathering 
and elevation differ- 

The ability to work 
heretofore “no record” 
areas by improving 
signal-to-noise ratio 
through compositing 
and/or filter discrimi- 
nation. 


A means of analyzing 
subsurface stratigraphic 
and lithologic condi- 
tions. 


More discrimination and 
integration in your oil 
finding efforts. 


A clearer and more com- 

prehensive presentation 

of seismic data to ad- For Full Information Phone 
ministrators and geolo- CHerry 2-8121 ws AMburst 9-557! 
gists who are not geo- TULSA, OKLAHOMA CALGARY, ALBERTA 
physicists. 


CENTURY GEOPHYSICAL CORPORATION 


JENKINS BUILDING TULSA, OKLAHOMA 


CENTURY GEOPHYSICAL CORPORATION OF CANADA 


1105 7th AVENUE WEST, CALGARY, ALBERTA, CANADA 
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When you work under the broiling Gulf 
Coast sun, or take a pounding and dousing 
from choppy waters—you need explosives 
that aren’t touchy about heat, water or 
shock. 

To guard against these hazards, the gey- 
ser you see here came packed in a tin can. 
It is Du Pont “Nitramon” WW blasting 
agent. The can provides maximum water 
resistance—storage protection—and fire re- 
sistance. The latter is an important consid- 
eration at sea. 

In addition, the tin cans have bails for 
attaching the cap and a float, or for assem- 
bling charges requiring more than one can. 

“Nitramon” WW sinks rapidly, even in 
rough seas, yet it is easily held at the de- 
sired shooting depth with a small buoy, 
such as a polyethylene balloon. 

“Nitramon” WW can’t be detonated by 
flame, shock or ordinary blasting caps. It 
takes a special booster and a blasting cap 
such as the Du Pont “SSS” Seismograph 
Cap to touch it off. 

For more information on “Nitramon” 
WW and other seismic products, call your 
Du Pont representative or write: E. I. du 
Pont de Nemours & Company (Inc.), Ex- 
plosives Department, Wilmington 98, Del. 
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Get perfect recordings 


of every shot with Seismo-Writ 


Here’s why Du Pont Seismo-Writ is better in 
these four ways. 


SPEED. Seismo-Writ can be processed quicker. 
Even if extreme underexposure forces over- 
development, you still get a good, clear, easy- 
to-read trace. You can process Seismo- Writ in 
developer temperatures up to 125°F. 


STABILITY. Seismo-Writ has minimum curl 
and won't crack. It’s easy to handle, roll and 
store. It won’t soften, even under toughest field 
conditions. 


CLARITY. Seismo-Writ is free from stain and 
fog. You get highest density, both in timing 
lines and in reflection traces. 


REG. pat, OFF 


Better Things for Better Living . . . through Chemistry 


SAFETY. Seismo-Writ is wrapped in a heat- 
sealed, moisture-proof inner pouch and packaged 
in a durable waterproof canister. This package 
assures maximum protection—even 

if dropped into water, it will float, — 

and its bright red color makes for BF 

easy spotting and recovery. | 


E. |. du Pont de Nemours & Co. (inc.) /¥@ 
Photo Products Department 
Nemours 2420-17, Wilmington 98, Del. cs: 
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Filbert was buried under a ton of detail 
—-and every ounce of it urgent — when the 
boss stormed in with the old Poppy Field on 
his mind. There was a case history on that 
field . . . came out around 1932, he thought 
. . . find that paper, Filbert. And, Filbert, 
find it by five o'clock. Understand, Filbert? 

Filbert stared blankly into space. A dull 
film clouded his eyes. Surely, with luck, he 
would be dead in five minutes. But visions 
of his widowed wife and fatherless children 
pulled him to his feet and sent him trudging 
out the door. . to the library. 


It would take all day. He'd be spending 
valuable time his company could hardly af- 
ford. And he'd be using all his exploration 
skill to locate that blessed paper — not to 
mention structures . . . Filbert stopped at a 
drug store and bought $4.00 worth of aspirin. 


SOCIETY OF 
EXPLORATION 
GEOPHYSICISTS 


TULSA, OKLA- 


Had Filbert spent that $4.00* on the 
CUMULATIVE INDEX, he would have 
saved himself that headache and many, many 
more. The S.E.G. CUMULATIVE INDEX 
1931-1953 is a complete library on geophys- 
ical data at the tips of your fingers. Remember, 
a man is-as useful as the knowledge he 
possesses. The CUMULATIVE INDEX is 
knowledge oa your desk! 


Gentlemen: 

Please send me the CUMULATIVE INDEX, 
1931-1953. 

( ) LT enclose $4.00* for postpaid shipment 
Bill me, plus postage. 

) Bill my company, plus postage. 


NAME, 

COMPANY 

ADDRESS.. 
*$3.00 to SEG members 
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Seismograph crews and interpre- 
tations supervised by owner- 


management offers the 
highest quality 
exploration 


Offices 
1120 N. Kickapoo St. 
Shawnee, Oklahoma 


r. 
John D° Storm 
Delbert F. Smith 
G. D. Gibson 
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A NEW Exploration Tool 


STOMPER 


The STOMPER is an exclusive de- { 
sign of Geophysical Integrators, Inc. é 
Here are a few of the STOMPER’S 


The STOMPER has proved % my advantages: 


It permits the use of a much 


itself in securing more usa- larger seismic weight (approx. 


9000-lbs.) and hence more seismic 
ble data in the following  enerzy 
4 4 ° . The G.I. Stomper has no springs, 
difficult reco rd areas: e and no external moment and the 
De lawa re Basin Ju no | secondary noises are reduced to a 
e 4 e minimum, permitting an undis- 
Basin, Val Verde Basin, of seismo- 
gram due to the impact of seismic 
Edwards Plateau and the Seignt. 
.. hy . A bulldozer is carried on the 
Sheffield Channel. coi Tournapull tractor of the weight 
Ke vehicle for use in improving trails 
in rough terrain. 
. The road clearance of the Stomper 
is 1542 inches, permitting its use 
in rocky or stumpy land where a 
conventional low clearance truck 
would be severely handicapped. 
R . An improved method for very 
é 0 PHYS i CAL z accurate timing of the initiation 
? of the seismic wave. 
; . The size of the Stomper is such 
NTEGRATO fe Ss ; that a 9000-lb. weight is con- 
Pe sidered to be a small fraction of 
i its normal full-loaded condition, 
INC. affording trouble-free operation 
Box 887, 910 West 14th Street and resulting in more productive 


hours per month. . 
San Angelo, Texas Phone 5428 


THE WORLD IS OUR STOMPING GROUNDS 


Write for FREE simplified step-out computation forms, developed by G. I., Inc. 
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ATLAS 


PETRON 


@ ECONOMICAL 
@ WATER RESISTANT 
@ EASY TO LOAD 


Here’s the modern blasting agent for seismic work, 
produced by Atlas to save you time, money and trouble. 


PETRON cans are simply screwed together to form a 
rigid column of any length desired. One or more cans of 
PETRON PRIMER are included in the column. 


PETRON itself is an economical nitro carbo nitrate. It cannot 
be detonated without a primer—an important safety feature! 


Drill hole casings, necessary with gelatin charges, are not 
needed with Perron. And in many cases, PETRON can be 
used in holes where gelatin cannot be loaded. Extreme 

water resistance makes PETRON ideal for sleeper charges. 


Available in 2”’ and 214” diameter cans, with a velocity 
of 9,500 ft. per sec. 


For best results and quickest service always rely on your Atlas 
distributor for a complete line of Atlas explosives, blasting 
agents and blasting accessories. 


ATLAS EXPLOSIVES 
FOR SEISMIC PROSPECTING 


Atlas Powder Company, Wilmington 99, Delaware 
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THE NEW 


A simple selector 

VARIABLE INTENSITY : = adjustment makes available 
a broad choice of 

recording modes 


VARIABLE AREA 


Unitea’s overall seismic data display system 
SINGLE SPOT TRACES 


MULTIPLE SPOT TRACES 


Write for descriptive brochure! 


SEISMOGRAPH + GRAVIMETER +» MAGNETOMETER 
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Gulf Research and Development Company EDMONTON-REGINA © APARTADO 1085 CARACAS, VENEZUELA ¢ RUA URUGUAIANA 
118-9°, RIO DE JANEIRO, BRAZIL © 194 RUE DE RIVOLI, PARIS, FRANCE 
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Static and dynamie time, cor- 


The DS-7 TAPE RECORDER and playback 
unit introduces advanced techniques in 
seismic instrumentation exceeding the 
range and applications of any present-day 
tape recorders 


PURCHASE FOR: $8750 
RENTAL: $550 per month 


(90% of this rental applies toward purchase: 
minimum rental, four months. 


FOR SHIPMENT MADE OUSIDE 
CONTINENTAL USA ADD 10% 


(Prices subject to change without notice) 


S.A, /Houst 


Took to your future with 
ELECTRO-TECHNICAL LABS.NEW FLAT-BED TAPE RECORDER AND PLAYBACK UNIT 
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FOREIGN OPERATIONS DOMESTIC OPERATIONS CANADIAN OPERATIONS 


GEOPHYSICAL COMPANY GEOPHYSICAL COMPANY 
INTERNATIONAL GEOPHYSICAL COMPANY OF AMERICA OF CANADA, LTD. 
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Let help you 
KEEP DOWN DRILLING COSTS 


Super Service Liners 


Self-Sealing 
Gland Packings 


WIS Suu 


MANUFACTURING CO. 


#4 
eee 
Super-Service Valves Mad Mossreh Vatves [7 
4 Slim Hole Slips 
Fluid End Pistons 
Vothing but the O. 80 @ HOUSTON, TEXAS 
“Export Office: 30 kefeller Plaza, New York 
: 


No matter with what skill geophysical data are secured, if they are not 


analyzed properly money and effort have been wasted. For a clear picture of 


underlying geology, based on gravity, magnetic, or seismic data, you can depend 


on Gravity Meter Exploration Company, Esperson Building, Houston, Texas. 


A.C. Pagan L.L. Nettleton N.C. Steeniand Rodman Saville M.W. Baynes 
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GEOPHYSICS 


THE MOVEOUT FILTER* 


CARL H. SAVITt, JOHN T. BRUSTAD,{ anp JOSEPH SIDERT 


ABSTRACT 

The response of a seismometer array or “pattern” is a function of the wave length (also of the 
moveout or phase velocity) of incident energy. Patterns are thus “moveout filters.”” The present 
paper develops the general theory of arrays and gives an explicit solution for the design of an array 
having a predetermined moveout response. 

It is further shown that the antenna theory approach to pattern design is inadequate in the 
seismic case by reason of the non-uniqueness of the velocity of incident energy. 

An example of a pattern designed to meet specific requirements is exhibited. The case presented 
effects a calculated improvement of at least four to one in signal-to-noise ratio over conventional 
patterns. The output of the designed system for a horizontally traveling, transient pulse input is 


shown to be greatly reduced in peak amplitude. 
Results of experimental and production use of the moveout filter are presented and discussed. 


INTRODUCTION 


Reflection seismograph exploration since its inception has been dependent 
for its very existence on the ability of special instrumentation and techniques 
to suppress unwanted “‘noise.”’ Reflected seismic energy is generally so weak as 
to be completely undetectable against the ever present background of other 
body waves, surface waves, “‘wind”’ noise, and other extraneous motion. In the 
early days of reflection surveying it was, however, discovered that reflected sig- 
nals often possessed properties which could be used to distinguish them from the 
‘‘noise.”’ The first and most important noise suppressor was the electrical filter. 

In most areas reflected signals have frequency spectra which are substantially 
different from those of the noise. Surface waves or “‘ground roll’’ were found to be 
concentrated in the lower portion of the frequency spectrum while the wind 
and other background noise were generally in the higher frequencies. Fortunately, 
reflected signals were predominantly characterized by the intermediate fre- 
quencies so that simple band-pass filters were highly effective in improving the 
signal-to-noise ratio. 

Band-pass seismograph filters have advanced in design through the years. 
As electronics progressed from crude beginnings, it became possible to achieve 
filters to fit almost all special cases. 


* Manuscript received by the Editor August 15, 1955. 
+ Western Geophysical Company of America, Los Angeles, California. 
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Despite the high degree of frequency resolution achievable with present 
day seismograph instruments, there still remain many areas in which usable 
seismograms cannot be obtained. Many of these areas are characterized by the 
presence of high velocity materials at or immediately below the surface. It has 
been found from field measurements that surface and extraneous body waves in 
such areas have frequency spectra which are similar to, or which include those 
of, the reflected signals. Clearly, then, if reflected energy cannot be distinguished 
from noise on the basis of frequency, conventional electrical filters can effect no 
improvement in signal-to-noise ratio. 

Empirically it has, however, been noted that the use of multiple detectors 
and multiple shotholes in difficult areas has made a significant improvement 
in signal-to-noise ratio. 

Multiple seismometers are today in general use in reflection seismograph 
prospecting. A patent covering the use of multiple seismometers was issued in 
April, 1931, to H. G. Taylor (1931), based on an application filed in 1928. As 
early as the first months of 1931, two seismometers per trace had been introduced 
into regular production work by at least one operator. By 1938 multiple seismom- 
eters were in general, but somewhat controversial, use (Weatherby, 1940). In- 
creases from the now standard three seismometers per trace to 24 or 36 per trace 
have yielded useful improvements in signal-to-noise ratio. Many present day 
prospects, particularly in West Texas, are worked exclusively with 24 or more 
detectors per trace and as many shotholes in a “‘pattern.” 

It is well known that multiple arrays of seismometers and shots have phase 
velocity discrimination properties and hence directional sensitivity. An analysis 
of the noise discrimination properties of arrays based on this directivity was pub- 
lished as early as 1936 by Klipsch. In recent years a considerable amount of 
work has been done on directional properties of arrays from several different view- 
points including particularly the statistical approach of Klipsch, wave-length- 
phase-velocity analyses, and antenna-theory analogues. 

It will be the purpose of this paper to develop the general theory of the direc- 
tional properties of arrays and to offer an explicit solution to the design problem 
for arrays of specified directivity. 


THE PROBLEM 


A seismic disturbance arriving at an instrument array does not, in general, 
reach each detector in the array at the same instant. The terms “moveout” or 
“stepout” have been variously used to describe the time difference between 
corresponding phase points of a disturbance at different spatial locations. For the 
purposes of this discussion, moveout will be considered to be expressed in units 
of time per unit of distance. Moveout, thus defined, is the reciprocal of the phase 
velocity. 

Clearly all reflected seismic signals will arrive at the earth’s surface with 
moveouts ranging from zero to a maximum value depending on local dip and 
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velocity and in no event with a moveout greater than the reciprocal of the sub- 
weathering velocity. On the other hand, it is certainly possible that seismic noise 
will have moveouts larger than the maximum set for reflections. High moveouts 
are certainly to be expected of surface waves, shear waves, and air blast. Since 
it is, in general, true that the “P’’ wave travels faster than all other waves, it 
may be concluded that horizontally traveling noise other than “P”’ wave noise 
will have lower phase velocities and hence higher moveouts than will reflections. 
In many areas these conclusions have been amply verified by direct observation 
and experiment. 

It now follows that the properties of moveout are analogous to those of fre- 
quency in that moveout distributions may be likened to frequency spectra. 
Seismic signals and seismic noise have different moveout distributions just as 
they have different frequency spectra. Significant improvement should, therefore, 
be expected in signal-to-noise ratio through the use of any device which dis- 
criminates against noise moveouts. Such a device may aptly be termed a ‘‘move- 
out filter.” 

When the nature of the seismic disturbance is expressed in terms of both time 
and space coordinates, the analogy between frequency and a quantity related 
to moveout is particularly striking. All realizable seismic disturbances arriving 
at a line on the surface of the earth may be expressed as a double sum (finite or 
infinite) of components of the form Ap, sin (27wpf+2ma,X+By.n) where Ap,n is 
the amplitude, w, is the frequency, a, is the reciprocal wave length (spatial fre- 
quency) and ,,, is the phase angle of the component. Time and location of the 
observation measured from arbitrary origins are expressed as / and x respectively. 
It is immediately evident that a, bears the same relation to x as w, bears to f¢. 
That is, the conventional time frequency and spatial frequency are mathe- 
matically indistinguishable. 

Moveout having been defined as time difference per unit distance, it follows 
that moveout times frequency is the reciprocal of wave length, the quantity 
which we have termed the spatial frequency. For any given time frequency, then, 
a given moveout corresponds to a unique spatial frequency and vice versa. 

From the previous discussion it follows that, theoretically, it is desirable to 
incorporate within a seismograph system a low pass moveout filter. Such a filter 
would pass low moveouts, that is low values of spatial frequency, and reject the 
higher moveouts. 


CONVENTIONAL ARRAYS 


A study of the moveout discrimination properties of arrays was undertaken 
for the purpose of determining to what extent conventional arrays were func- 
tioning as moveout filters and to what extent such filtering could be improved. 

With respect to any plane wave front, a two-dimensional group of detectors 
will be equivalent to a one dimensional group in a plane perpendicular to that 
wave front. The discussion will therefore be limited to one-dimensional arrays. 
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A signal (or noise) arriving at a finite point +, o<x<X, and having a finite 
duration o</<T, can be expressed in the form 


n=1 p=1 
where w,= p/T and a,=n/X. w, is the time frequency and a, is the spatial fre- 
quency. 

The quantity \,=1/a, is the wave length just as p,=1/w, is the period of a 
component. The phase velocity of a signal component along the array is given 
by vp,n=@pAn and varies with the nature and direction of the incident signal. 

Consider a single component w,=w and a,=a with 8,,,=8. Then for a uni- 
formly distributed array of m+1=M elements over an interval of length S, 
the signal ou:put at the time frequency w and spatial frequency a@ will be of the 
form 


I ~ k 
sin + 8 + — aS) = 
m+ 1 m ( 
2 


m+ 1 
sin (27wt + 8 + sin —— raS) 
m 


(m + 1) sin raS/m 
Thus it is apparent that the output of the group is a sinusoidal signal of fre- 
quency w, whose amplitude is 


m+1 
sin Tras ras 
m 

Am =| 


| (m+ 1) 
m 


introducing a=1/\ the amplitude becomes 
(4) 


The response of an infinite number of seismometers arrayed over a length S 
(equivalently, one continuous seismometer whose length is S) is given by letting 
M approach infinity. 
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Fic. 1. A comparison of the amplitude as a function of the dimensionless spatial frequency S/X 
for arrays of the same total length, but with a differing number of identical elements: 3, 10, and an 
infinite number. The amplitude is an even, periodic function of S/d for groups with a finite number 


of elements, the periods of the three-element and ten-element groups being two and nine respectively. 


Figure 1 shows A3, Ao, and A,. It will be noted that the Ay are normalized 
on the basis that for all M, lim Ayw=1. 


It is thus seen that increasing the vaJue of M, the number of seismometers in 
the array, beyond about ten can yield no appreciable improvement in moveout 
(or phase velocity) discrimination if all seismometers have equal output and are 
uniformly spaced, provided the amount of noise corresponding to values of 
8, is negligible. 


NON-UNIFORM ARRAYS 


The most general types of linear arrays may be described by a weight func- 
tion f(x) which gives the contribution of the array to the total output from any 
point of coordinate wx. 

Thus the output of such a system in response to the input 


cos (2mw! + 2rax + £8) 


is given by 


f cos (2mwt + 2max + 8)f(x)dx. 
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(In order to take into account finite groups of isolated detectors, the integrals 
in this section should be considered in the Lebesgue-Stieltjes sense and the nota- 
tion f(x)dx should be considered equivalent to the notation dF(x) where F(x) 
will, for our purposes, be a stepwise continuous, bounded function.) 

For simplicity of treatment we shall normalize our results by restricting f(x) 
such that 


f sear = 1, (6) 


This restriction is equivalent to using the response of the array to arrivals 
of zero moveout (infinite phase velocity) as the unit of measure for response. 

It is now possible to state the conditions which must be satisfied by an ideal 
moveout discriminating array. 

The incoming signal will be presumed to consist of components within a nar- 
row band of frequencies w (due perhaps to filtering) such that, w;<w<we. 

The ‘‘signal” will be assumed to possess a phase velocity » such that <2, 
while the noise -will be taken to have phase velocity v such that »<m< 9. 

It will further be assumed that there exists a value ap such that we/r;<ao 
<w;/v2, that is, that the desired pass and reject bands on a (or A) do not overlap. 
That the probability of the validity of this assumption is increased by narrowing 
the filter pass band is immediately evident. 

In the present discussion we shall further limit ourselves to symmetrical ar- 
rays. Antisymmetric arrays can be considered by appropriate substitution of 
co-functions for the trigonometric functions. A general array can be expressed as 
a combination of a symmetric and an antisymmetric part. It is further to be noted 
that practical considerations render symmetrical arrays preferable to non- 
symmetrical arrays provided the desired properties can be procured reasonably 
well. We shall, therefore, treat only the case where f(x)=f(—x). Whence (5) 
becomes after substituting (6): 


f i cos (2mwt + + B)f(x)dx = 2 cos (2mwt + B) f cos 2maxf(x)dx. (7) 
0 


The amplitude A(qa) of the output is thus given by 


| 


A(a) = 2 [00s (8) 


Ideally, then, A(a) should be the function 
A(a) =1 a. 
A(a) =o 


(9) 


If f(x) be a continuous function defined everywhere on the positive real 
axis and since /¢°f(x)dx exists, (see (6)), it follows that 
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SiN 27aox 


f(x) = of A(a@) cos 2raxda = cos 2maxda = (10) 
0 0 


TX 


Investigations were conducted to determine to what degree any function 
A(qa) could be approximated by using a function f(x) which represents a realizable 
seismometer array. These investigations followed two lines. Seismometer arrays 
of identical elements on an arbitrary set of points were considered, as were arrays 
of seismometers of arbitrary sensitivity on a uniformly spaced set of points. The 
criterion of degree of approximation was chosen to be that of least squares in 
conformity with evidence brought out in experimental studies. A discussion of 
this point appears in a later section. 

Assume an array of 2u+1 seismometers of equal output at points x=o, 
tnX, +rX,---, +r,X. Then the input cos (27w!+2rax+ 8) will produce an 
output of the form 


cos (2mwt + 8)B(a; ri, fn) = Cos (2mwl + 8) +2) > cos 


k=l 


A least squares best fit for B to the A(a) defined by (9) may be obtained by mini- 
mizing 


f [A(a) — ri, r2, da (11) 
0 


where a;=1/A and where A is the minimum wave length of energy to be rejected. 
A set of m simultaneous equations, 


ay 
f aX sin (2rar,X) A(a)da = f aX sin re, (12) 
0 0 


must be solved. 
Various approximate solutions were obtained but proved to be inferior to the 


exact solutions obtained for the equal spacing, arbitrary sensitivity cases de- 
scribed below. The further consideration that variable spacing methods were not 
practicable for field use led to the abandonment of this approach. 

The other approach which was investigated was the use of 27+1 detectors of 
arbitrary sensitivity at locations x=o, +X/n, +2N/n,--+-, +X whose sen- 
sitivities are given by 1, 41, @2,+**~-, @,. Again the input is considered to be 
cos (2mwi+2mrax+8) and the output now becomes 


+, @,) = 


cos (2mwt + 8)C(a; a1, a2, 


kX 
cos (2rwi + I+ >> COS (13) 


k=l nN 
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In order to normalize C, define 
2makX 
I+ 2 a, Cos —— 
kel n 
I + 2 7. ak 
kel 
or equivalently 
2makX X 
= go + 2 gk COS - 


k=l n 


n 
1 +2 a, 
j=1 


go=1—2), Gq. 


j=1 


The least squares optimum values of g, are given by minimizing the integral 
ay 


If for a we choose the value n/2X, the q; are related to the Fourier coefficients 
in the cosine expansion of A(a). 
Differentiating (16) and equating to zero, we obtain the m equations 


2makX 
f [A(a) — C’(a; qi, gn) cos————- — 1 ]da=o0 (17) 

—n/2X n 
whence by rearrangement 


n/2X RX n 
f A(a) | cos 1 = (18) 


n X 


—n/2X 


so that 


X rex 2makX 
= f A(a) cos + | > (19) 
n n fei 


—n/2X 


If now (19) be summed over k, the resulting sum may be substituted into the 


iit 

(14) 

(15) 
where 
ay 
q 
and 
= 
"44 
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right hand side of (19) to obtain 


x 2makX 
— A(a) cos da 
n J _nj2x 


n/2X n n/2xX 2 > 
=f A(a)da — 2 A(a) cos 


A Twenty-One Element Moveout Filter 


From calculations it was observed that for a given number of seismometers 
the most useful results were obtained when all the g, were positive. Since the 
maximum wave length which can be completely filtered out under these condi- 
tions cannot exceed the group length, the minimum length of the group is dic- 
tated by the maximum wave length which it is desirable to have filtered out. 

Since C(a; qi, g2, °° *, Qe) is a periodic function of a, the spacing of the 
seismometers must be such that the 100 percent response peaks which occur after 
a=o will not correspond to wave lengths that are associated with substantial 
energy. The first peak will occur at a value of a corresponding to a wave length 
equal to the seismometer spacing in the group. The only source of energy that it 
was felt desirable to exclude at these smaller wave lengths was the air blast, 
whose wave length for 30 cycle to 50 cycle frequencies ranges from 37.7 to 22.6 
feet. 

In view of the above considerations, calculations were made for a group of 21 
elements (i.e., #=10) with a spacing of 20 feet. A(a) was defined as follows: 


A(a) 


A(a) 


The resulting gx are: 


TABLE I 


gi = 0.987 =0.592 
0.047 7 =0.473 
a= .888 
0.809 
= 0.704 =0.105. 


Figure 2 compares the calculated amplitude curve as a function of S/X for 
the 21 element array using these g, with an array of the same number of elements 
having equal sensitivities. Arrays of elements of unequal sensitivities have been 
termed tapered arrays, since in most applications sensitivities grade from a 
maximum at the center to small values at both ends. 
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NON-TAPERED 


TAPERED 


10% 


Fic. 2. A comparison of the amplitude as a function of S/A between two twenty-one-element, 
equally-spaced arrays, identical except for the sensitivities. The sensitivities of the elements in the 
tapered array are listed in Table I; the sensitivities of the elements in the non-tapered array are all 
equal. 


Using the conventional antenna theory approach, the same two response re- 
lationships may be compared in polar coordinates as shown in Figure 3. Since the 
curve for the non-tapered group response has a node and secondary lobes, some 
signal loss as well as inversion for near horizontal arrival may be expected con- 
trary to the situation for the tapered group. Such a plot does not afford an op- 
portunity to examine the response of a system to moveouts greater than that of 
the horizontal ‘““P’’ wave. The polar graph represents only that portion of the 
spatial frequency plot for which S/d is less than 1}. It is precisely in the region of 
the higher spatial frequencies, however, that the bulk of the noise to be rejected 
lies. It follows that this type of plot is not suited to the study of the noise-rejecting 
properties of multiple seismometer groups. 

The effect of the tapered array on transients was investigated. The outputs 
of these same two 21 element arrays in response to a transient wavelet were cal- 
culated using a horizontal phase velocity of 12,500 feet per second (moveout 8 
ms/t1oo ft). Figure 4 shows the input transient and the two calculated output 
transients. The peak amplitudes of the outputs for the tapered and non-tapered 
arrays were in the ratio 1: 2.2. It was anticipated that the results of this calcula- 
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400 ft. 


TAPERED 
NON-TAPERED 


Fic. 3. A comparison of the non-tapered and tapered arrays shown in Figure 2 plotted in polar 
coordinates in the manner conventionally used in antenna theory. This plot is equivalent to that por- 
tion of Figure 2 representing values of S/A from zero to 1.33. 


NON-TAPERED 
RESPONSE 


INPUT 
TRANSIENT 


TAPERED 
RESPONSE 


10 30 


Fic. 4. The outputs of a tapered (see Table I) array and a non-tapered array, each of 21 elements, 
in response to an input transient wavelet moving with a horizontal velocity of 12,500 feet per second 
are shown for comparison. The input wavelet is taken from experimental measurements of Ricker 
(1953, p. 18). Horizontal scales are in milliseconds. 
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tion would be a guide to the behavior of actual arrays in response to the direct 
refraction break in areas for which the near-surface refraction velocity is of the 
order of 12,500 feet per second. Conventional electronic filtering subsequently 
applied to these outputs should further enhance the contrast between the two 
responses. 

COMPOSITE ARRAYS 


The common practice of mixing or compositing the outputs of adjacent arrays 
(seismometer groups) suggested the study of the phase velocity discrimination 
properties of mixed or composited recording. 

If the output for any one array in response to the input cos (2mw!+ 2rax+ 8) 
is given by D(a) cos (2mwt+ 8), the output for two collinear arrays whose centers 
are at x= +d will be given by 


D(a) cos (zmwt — 2rad + 8) + D(a) cos (2mwt + 2mad + 8)| = 


(21) 
D(a) cos 2rad cos (27wt + 


Since Ae (see (4)) is cos wS/A and a=1/X, it is clear that the amplitude re- 
sponse for two compounded arrays is the product of the response curve of each 
individual array by the response curve of an array of two elements spaced a 
distance 2d. 

This result may be generalized to the theorem that a meta-array of identical 
arrays (all arrays being restricted to symmetrical arrays normalized to unit re- 
sponse for infinite phase velocity) will have a response curve equal to the product 
of the response curve of the typical array by the response curve of the meta-array 
considered as a simple array. 

The way is thus open to the ready calculation of the response curves of com- 
posite arrays. Figure 5 is a comparison of the response curve of the 21 element 
tapered array of Table I with a compounded pair of such arrays. A significant 
improvement in noise rejection is seen to result from this compounding. The 
various other mixing and overlap systems studied led to the conclusion that by 
proper choice of systems used it is possible to achieve response curves having a 
wide range of characteristics, particularly very narrow ‘‘pass”’ bands. 


EFFECTIVENESS OF THE MOVEOUT FILTER 


Criteria of the effectiveness of a moveout filter are directly related to the 
criteria of goodness of fit used in optimizing the filter design. The choice of a 
least squares best fit for designing the filter implies that it is desired to minimize 
the root-mean-square output in the reject band. The choice of spatial frequency 
as the variable of integration in equation (11) implies that substantially equal 
importance is attached to noise of all spatial frequencies within the range of in- 
vestigation. 

A variable weighting of the seismometers in a group has been discussed pre- 
viously, in particular, by Parr and Mayne (1955). In their filter the maximum 
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Fic. 5. A comparison of the amplitude as a function of S/\ for the tapered twenty-one-element 


array (also shown in Figure 2) and for the sum of two such arrays (simple mixing) where the distance 
between group centers is seven times that between the individual elements. 


amplitude in the reiect band is minimized in contradistinction to the minimiza- 
tion of the root-mean-square output over the reject band as discussed in the 
present paper. The superiority of one type of weighting over the other then 
depends on the noise characteristics prevalent in the area. If the amount of 
noise, considered as a function of S/A, were to exhibit several randomly dis- 
tributed high-amplitude peaks, it might be desirable to construct a filter of the 
Parr-Mayne type so that the effect of the high-amplitude peaks would be mini- 
mized. If however, the amount of noise is uniformly distributed over the reject 
band, it is then desirable to minimize the root-mean-square output over the reject 
band. In the areas studied by the authors, the latter situation was more nearly 
approximated and is discussed later. Further to distinguish between the present 
system and that of Parr-Mayne it should be noted that the present moveout 
filter represents a best fit to ideal response over the entire range of interest. 
That is, the response is made to fit over both the desired pass and reject bands, 
whereas the criterion applied by Parr and Mayne is that the maximum response 
in the reject band be minimized while response in the pass band is not con- 
trolled. Thus the Parr-Mayne system exerts a control on the absolute level of 
noise in contradistinction to the control upon the relative level of signal and 
noise exerted by the moveout filter. 
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Fic. 6. Comparison between the moveout filter (solid line) and the Parr-Mayne filter (dashed line) 
Both arrays are calculated for the same design parameters, 21 elements and a common reject band. 


A numerical calculation was performed to compare the twenty-one element 
moveout filter whose weightings are listed in Table I with a Parr-Mayne filter 
based on the same number of seismometers (21), the same distance apart (20 feet) 


and using the same reject band (A, = 480 feet, \,= 480/23, W=23). In their 
notation, 


2 
and *=-— — = 58.606. 
AL 12 I — cos 6, 


Based on the center seismometer having unit weight, the weightings at increasing 
distances from the center are: E\y=0.993, E9=0.973, Es=0.940, E;=0.895, 
E,=0.840, Es=0.775, Es=0.704, E;=0.628, E,=0.548, E:=1.609. The maxi- 
mum amplitude in the reject band is then 0.144. It is to be noted that the maxi- 
mum amplitude of the moveout filter in the reject band is 0.447 (at @2=0,=2/12, 
i.e., S/A=0.833), but the next succeeding peak has an amplitude of only 0.055, 
and all subsequent peaks to the center of symmetry at 6=m, (S/A\=10.0) are 
even less than this. It is thus seen that with the exception of a narrow band of 
wavelengths near \=48o and at the nodes, the filtering effect of the moveout 
filter over the reject band is much greater than that of the Parr-Mayne array 
(Figure 6). 
Studies of pickable noise patterns in several areas indicate that such noise 
tends to be fairly uniformly distributed over a moveout range from the moveout 
of horizontally traveling ““P’’ waves to some upper value depending on local 
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conditions, and then it declines. It should also be noted that the duration 7 of the 
disturbing effect of a noise transient on a given trace of a seismogram is given by 
the equation 


(22) 


where S is the length of the detector group contributing to the trace, L, M, and T 
are respectively the length, moveout, and duration of the transient. (ZL and T 
are considered to be measured between threshold points of the transient, Z is 
measured at a fixed time, while 7 is measured at a fixed point.) 

It is thus clear that higher moveout noise affects a larger proportion of each 
trace and indeed of the whole seismogram than does lower moveout noise. This 
increased disturbing effect at higher moveouts counteracts the decline in fre- 
quency of occurrence of the higher moveout noise. The valid range of the assump- 
tion of substantially equal importance of noise of all spatial frequencies may thus 
be extended beyond the range of constant frequency of occurrence. 

The role of S in the equation (22) indicates that large detector groups may 
have an adverse effect if the noise is not attenuated below threshold by the filter- 
ing effect of the group. An adverse effect produced by increasing the number of 
detectors beyond one has been observed under actual field use in at least one 
instance by the authors. An independent observation of similar nature has been 
reported by Dr. George Shor of the Scripps Institution of Oceanography in a 
private communication. In these cases the noise was found to consist of relatively 
infrequent bursts of large amplitude and short duration. 

Areas in which the moveout filter concept has been and is being applied are 
characterized by noise systems fairly uniform both in order of magnitude of 
noise amplitude and in distribution over the moveout spectrum. For such situa- 
tions the least squares best fit criterion and the choice of spatial frequency as the 
variable of integration appear to be reasonable. 

For a typical area there has been plotted in Figure 7 the frequency of occur- 
rence of pickable persistent wave trains of both reflections and noise as a func- 
tion of the spatial frequency. The graph represents the composite results of 
many individual observations and is effectively a spectrum for spatial frequencies 
of the noise and signal as seen by instruments passing time frequencies from 20 
to 70 cycles per second and with one seismometer per trace (i.e., with no moveout 
filtering). Signal-to-noise ratio is here defined as the ratio of the areas under the 
signal and noise spectrum curves. 

Figures 8 through 12 show successively the effect of applying electronic band 
pass filtering and of various moveout filters. The moveout filters considered are 
a three detector group on roo feet, a group of infinitely many detectors on 200 
feet, 21 equal detectors on 400 feet, the 21 element tapered 400 foot group of 
Table I and the 21 element Parr-Mayne array, Figure 13. In preparing these 
illustrations, it has been assumed that the amplitude of a signal or noise event is 
directly proportional to its probability of detection on a seismogram. The value 


. 


CARL H. SAVIT, JOHN T. BRUSTAD, AND JOSEPH SIDER 


= 
20-70 cycles 


s/n = 085 


Fic. 7. Signal and noise spectra for a test area plotted on a scale of S/d . The signal spectrum is 
shown as a solid area while the noise spectrum is shown in outline. This determination represents 
observations in a frequency range of 20 to 70 cycles per second using one seismometer per trace. 
The signal-to-noise ratio is 0.085. 


& 
30-40 cycles 


s/n = .099 
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Fic. 8. A comparison of the signal and noise spectra shown in Figure 7 but with the energy having 
been filtered through a conventional filter with a pass band of 30 to 4o cycles per second. The signal- 
to-noise ratio is improved to 0.099. 
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0 I 2 3 4 5 6 
Fic. 9. The signal and noise spectra shown in Figure 8 as modified by moveout filtering consisting of 3 
seismometers per group on a group length of roo feet. The signal-to-noise ratio is now 0.25. 


of S has been held constant at 400 feet in this series of illustrations in order that 
all scales shall be comparable. Marked, progressive improvement in signal-to- 
noise ratio is observed as the moveout filtering is improved. This improvement is 
summarized in Figure 14. 

Mixing or compounding further improves the signal-to-noise ratio, as shown 
in Figures 15 and 16. Extremes of moveout filtering as shown in Figure 16 can 
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Fic. to. The same signal and noise spectra but with moveout filtering now consisting of a seis- 
mometer group 200 feet in length comprised of an infinite number of seismometers. This corresponds 
to the maximum improvement possible with unweighted seismometers over this group length. The 
signal-to-noise ratio is now 0.45. 
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s/n = 0.82 


2 3 4 


Fic. 11. The same signal and noise spectra as seen through a group length of 400 feet with 21 
unweighted seismometers per group. The signal-to-noise ratio is 0.82. 


result in a significant loss of signa] while, nevertheless, improving signal-to-noise 
ratio. It is thus suggested that extremely sharp moveout filters be reserved for 
those prospects in which useful results cannot otherwise be obtained. 

Field tests of linear tapered arrays have been conducted in selected areas. 


Tests in those areas which had been found to have large amounts of high moveout 
noise produced results in good agreement with theory. Linear tapered arrays 
were found in many cases to yield records distinctly superior to those obtained 
with conventional areal arrays of multiple seismometers. 


s/n = 2.32 
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Fic. 12. The same signal and noise spectra with the tapered group (see Table I) of 
21 elements over 400 feet. The signal-to-noise ratio jumps to 2.32. 
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= 0.72 


s/n 


T 
2 


Fic. 13. Signal and noise spectra of Figure 8 as seen through the Parr-Mayne 21-element filter 
whose response characteristics are shown in Figure 6. The signal-to-noise ratio is 0.72. 


Portions of several field records are shown in Figure 17 (a, b, c, d, e). These 
are direct comparisons between 21 element linear tapered arrays and 36 and 20 
element stars. 

Comparisons between tapered and non-tapered linear arrays were conducted 
on several field parties. A total of more than two crew-years of experience in 
which a tapered and a non-tapered cable of identical dimensions were alternated, 
is now available. Results with the two cables were very nearly the same. Occa- 


Fic. 14. A summary of the signal-to-noise ratios for the groups described 
in Figures 8 through 12. 
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s/n = 2.83 
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Fic. 15. The spectra of Figure 12 now modified by simple mixing 
(See Figure 5). The signal-to-noise ratio is 2.83. 


sionally the tapered cable produced slightly better results. The immediate con- 
clusion is that variations in seismometer planting have a considerable adverse 
effect on the moveout filter characteristics of the tapered array. 

Non-tapered cables should, however, produce by reason of their greater 
effective ground overlap, an apparently superior record. Such superiority is pro- 
duced at the cost of independence and is thus spurious since our criterion of gen- 
eral quality is trace-to-trace correlation. Tapered cables, on the other hand, 
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Fic. 16. The same spectra in the case of mixing and compounding used together. Effectively, in 
this case, four individual groups are equally mixed. The signal-to-noise ratio has reached the astonish- 
ing value of 5.2. This gain has, however, been accompanied by an appreciable loss of signal. 
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STAR 
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Fic. 17a. Comparison records illustrating improvement in reflection quality obtained by the use 
of the moveout filter. In this illustration and the succeeding comparisons (Figures 17b, c, d, e) the 
two spreads were superimposed with identical group centers. Areas represented are the Edwards 
Plateau and the Oklahoma Panhandle. 


produce the same degree of overall record quality with much less effective overlap 
between groups. Thus, the fact that the record quality is the same in the two 
cases leads to the conclusion that the taper is effective, at least in part. 

In summary, then, ground overlap between adjacent groups has a much 
greater effect on the independence of traces in the case of the uniform array than 
in the case of the tapered array. Since there is little difference between the two 
in apparent overall record quality, the choice of the tapered cable is indicated 
from considerations of information theory. Greater costs of maintenance of the 
electrical circuitry involved in the tapered system tend, however, to favor the 
non-tapered system. 


VARIATIONS AND GENERALIZATIONS 


Moveout filters are by no means limited to linear arrays. The same or similar 
techniques may be employed to design areal arrays of optimum characteristics. 
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Fic. 17b. Comparison records similar to those described in Figure 17a. 


Calculations and experiment have shown that the gain to be expected through 
the use of two-dimensional arrays is relatively small while the increased cost 
is quite large. 

If, however, noise tests indicate that the apparent wavelengths of the signal 
and noise do not overlap when measured along a linear spread whose extension 
passes through the shotpoint, little if any gain jis to be expected from a two- 
dimensional array as compared to a one-dimensional tapered array of the same 
number of seismometers. The overwhelming majority of noise tests examined 
by the authors fall into this category. Linear tapered arrays are, furthermore, 
appreciably less costly and less time consuming than most conventional multiple 
seismometer patterns. 

It should also be pointed out that optimum arrays may be derived for groups 
of detectors, all of equal sensitivity or effectiveness but spaced at arbitrary posi- 
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Frc. 17e. Comparison records similar to those described in Figure 17a. 


tions along a line. In general it was found that for a fixed number of elements 
variable sensitivity permits a far closer approach to the ideal response than does 
variable spacing. 

Application of moveout filter theory to shot patterns (or for that matter 
to patterns of any type of seismic wave generators) may be made by a direct 
method. It may be assumed that the amplitude of a seismic wave varies as the 
square root of the weight of explosive used (or of the energy of the generator). 
In this case, then, one should use a linear pattern of charges weighted in accord- 
ance with the squares of the tapering constants for detectors. Unfortunately, 
the seismic initiation problem is complicated by a variation for various types 
of waves of the amplitude-to-charge relationship. At this writing, no solution to 
the optimization problem for shot patterns appears near. 


CONCLUSIONS 
Moveout filters in the form of linear tapered groups appear to afford both a 


possible improvement in results and a reduction of operating costs in some of our 
more difficult areas. Application appears limited, however, to certain specific 
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areas in which high-moveout noise is prevalent and of the same frequency com- 
position as reflections. If, in a given area, high moveout noise has a frequency 
spectrum substantially different from that of the reflection signals, only a small 
amount of moveout filtering may be necessary. In that case conventional methods 


should be adequate. 
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TRANSIENT BEHAVIOR OF PATTERNS* 
J. E. WHITEt 


ABSTRACT 


A simple method is described for computing the waveform to be expected from a closely-spaced 
pattern of shots or geophones when the individual signal is a pulse. Four strength distributions are 
compared, and the case of uniform strength along the pattern is discussed in detail. It is concluded 
that if the individual signal is a short pulse, such as a seismic reflection, then the performance of the 
pattern is quite comparable for the four source distributions considered. 


INTRODUCTION 


Arrays of sources and detectors have been treated by many authors from 
various viewpoints. A unifying digest of these diverse treatments of antenna ar- 
rays, directional microphones, underwater transducers, and seismic patterns 
would be worthwhile, but such a survey will not be attempted here. The purpose 
of this discussion is to extend existing theory in two respects, both intended to 
make it more easily applied to seismic prospecting. Quantitative measurements 
by a research seismic crew have shown that this type of theory does apply to 
seismic signals under practical field conditions. First, the performance of a pattern 
is described in terms of transient waveforms rather than in terms of amplitudes 
of sine-wave components making up the transients. Secondly, the output wave- 
forms are plotted as a function of delay-time across the pattern, rather than 
as directivity diagrams. The results are more easily applied to waveforms ob- 
served in seismic prospecting, and refractions, shear waves, or events of unknown 
origin can be handled equally well without the question ever arising as to where 
they belong on a directivity plot. 


STATEMENT OF THE PROBLEM 

Some Special Cases 

In Figure 1, detectors down a borehole are assumed to receive first a reflection 
being transmitted by the formation in which the borehole is drilled, followed by 
a noise wave with a different step-out, borne by fluid in the hole. In (a), the re- 
flection is shown to have a total delay across the pattern of Af,,, which when 
divided into the pattern length LZ gives the speed of compressional waves in the 
formation. Similarly, At,, yields the speed of borehole waves. The important 
quantity is the delay time A/,,. We assume that signals from the detectors can 
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(a) END TRACES AS RECORDED SHOWING ASSUMED 
FORMATION SIGNAL AND WATER-PULSE SIGNAL 


/ 
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--- > 


(b) ENO TRACES AFTER BEING DELAYED 


| 


(c) SUM OF ALL TRACES AFTER BEING DELAYED 


Fic. 1. Pattern of vertically-spaced detectors. 


be shifted so that the relative delay between the ends is A/,, which can be ad- 
justed to counteract any amount of delay Aé,, due to the medium. It is apparent 
that it is the difference between Aé,, and A/, which controls the final sum, such 
as is shown in (c). It is useful to define a pattern velocity V=L/At,. 

The same terminology is applied to a surface line of geophones, as shown in 
Figure 2. Since the geophone outputs are simply added without relative delay, 
the pattern velocity is infinite and the “step-out”’ A/,, controls the sum wave- 


form. 
The expressions presented here apply to the situation shown in Figure 3, 


although it might not at first look like a pattern of detectors. Playback heads are 
equally spaced around a drum which carries the tape past the heads at a speed C. 
The delay Aé,, is the same for all pulses. The two pulses shown have the same 
basic shape, but one lasts twice as long as the other. The sum trace shows that 
the two pulses fare differently, bringing out the obvious point that the output of 
a linear pattern depends on the duration of the pulse as well as the delay across 


the pattern. 


Definitions of Terms 
A pattern is assumed to contain so many elements that it can be considered 
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(a) END GEOPHONE SIGNALS SHOWING ASSUMED 
REFRACTION AND SHALLOW REFLECTION 


(b) WITH NO DELAY AMONG GEOPHONES, 
TRACES SHOWN IN (GQ) ARE ADDED. 


(C) SUM OF GEOPHONE SIGNALS 


Fic. 2. Linear pattern of geophones on surface. 


(0) SIGNALS FROM END MAGNETIC HEADS 


(b) ADDITION OF HEAD OUTPUTS CORRESPONDS TO 
NO DELAY, HENCE =v =O. 


(c) SUM OF ALL HEAD OUTPUTS 


Fic. 3. Heads spaced along a magnetic tape trace. 
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continuous. It is characterized by a strength per unit length A(x«/L). The con- 
tribution to the final signal due to a short length dx is proportional to A(x/L)dx. 
For an array of lumped elements, A(x/L) would be equivalent to the signal due 
to one lumped element divided by the spacing between elements. A second char- 
acteristic of a pattern is a velocity V, as discussed above, which with a length L 


results in a pattern delay Af,. 
There will be a delay across the pattern A/,, which is due to the medium to 


which the pattern is coupled. It can be thought of as being due to a velocity 
C=L/Atm, which will be different for various types of waves and which will vary 
with angle of arrival for any one type of wave. 

Any waveform is a plot of some ordinate as a function of time. We shall 
normalize our plots so that a change in ordinate scale will not be considered to 
produce a new waveform. A simple way is to divide the ordinates by the largest 
ordinate, giving a non-dimensiona] waveform with a peak value of one regardless 
of the size of the original numbers. The time axis can similarly be expressed in 
non-dimensional form by dividing all time values by some “apparent period” T 
of the waveform. Then all waveforms which have the same shape except for dif- 
ferent durations in actual time will become identical when plotted in non-di- 
mensional form. The choice of a characteristic time or “apparent period”’ for a 
given waveform is somewhat arbitrary, although the term is commonly applied 
to seismic transients and there is general agreement as to how this choice should 
be made. Apparent periods are shown on the various waveforms treated. 


Transient Response by Three Methods 


Before taking up the behavior of distributed sources and detectors, the be- 
havior of a simple circuit element will be discussed as an illustration of the view- 
point. 
One “fundamental” description of a condenser is the equation e(t) = fi(t)dt/C 
relating the voltage e(#) across the condenser to the current 7(/) flowing in the 
condenser. Let us assume that the current is some known function of time, which 
then serves as an input, and the voltage is some function of time to be deter- 
mined, which is the output. From the equation, it is seen that any graphical or 
other method of integrating the current waveform will yield the voltage wave- 
form. Hence, this is one computational method of solving the problem. 

A second ‘‘fundamental”’ description of the circuit element is its impulse re- 
sponse. The impulse response is the output waveform when the input consists of 
an instantaneous spike. The spike is a definite function known as the unit im- 
pulse m(¢), which is infinitely large in magnitude when /=o0 but which is so short 
in duration that its time integral has a finite value, defined to be unity. This 
integral is the unit step-function u(t), which is zero until =o and has unit mag- 
nitude thereafter. This is stated by /m(/)d¢= u(t). In Figure 4, the input current 
is shown to be a unit impulse and the resulting voltage is ‘the impulse response 
of the system.’’ As discussed later under the heading ‘“‘Impulse Response of 
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INPUT: i= u, (t) 


output: e=fu, (t)at/c 


INPUT OUTPUT 


Fic. 4. Impulse response of a condenser. 


Patterns,” the output waveform due to any assumed input waveform can be 
computed by convolving the input with the impulse response. Four points ob- 
tained by convolution are indicated by a, 6, c, and d in Figure 4. The assumed 
waveform is shown as the top line in each case. The impulse response plotted on 
a reversed time axis is shown on the second line, its position relative to the input 
being different in each case. The product is shown on the third line. The quantity 
desired is the integral of the product, or the area under the curve. Points a, 3, c, 
and d on the output curve are proportional to the respective areas shown. This 
illustrates the computational steps involved in using the impulse response of a 
system to determine its response to an arbitrary input transient. 

A third “fundamental” description of the circuit element is its steady-state 
response. This is determined by assuming that the input is a sinusoidal function 
of time, i(¢)=TJ sin wi, in which case the output is also a sinusoidal function of 
time with an amplitude and a phase angle, e(#)=£ sin (wi+@). The steady- 
state response of the system is the ratio E/J and the phase angle @ specified as 
functions of frequency. These are shown in Figure 5. They, of course, simply 
describe the electrical impedance of a condenser. This description can be applied 
to any desired input waveform by use of the Fourier integral theorem. By Fourier 
analysis, any input transient can be specified by its frequency content, that is, 
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by an amplitude and phase angle as functions of frequency. Multiplication of the 
amplitude function by (E//) and addition of 6 to the phase function gives two 
new functions of frequency which are the frequency representation of the output 
waveform. The output function of time can then be computed, a process which 
is commonly known as Fourier synthesis. All of the time and frequency repre- 
sentations of one possible input waveform are shown qualitatively in Figure 5. 
These steps constitute a fair-sized computational program, even with suitable 
high-speed computing facilities. 


PATTERN OUTPUT AS A SUM OF TRANSIENT WAVEFORMS 


The purpose of this section is to derive expressions for the waveforms put 
out by a few patterns in terms of integrals of the waveform due to an element of 
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INPUT: i = I SIN wt IMPEDANCE OF A CONDENSOR 


OUTPUT: = SIN (wt+#) 


WwW 
INPUT WAVEFORM INPUT FREQUENCY CONTENT 


w t 
OUTPUT FREQUENCY CONTENT OUTPUT WAVEFORM 


Fic. 5. Sine-wave behavior of a condenser. 
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the pattern. This type of equation states the behavior of a pattern in a form par- 
ticularly well adapted to short transients. In the simpler cases, output wave- 
forms can be obtained qualitatively by simply sketching the appropriate inte- 
grated pulses and combining them. In any case, the equation offers a straight- 
forward means of computing output waveforms for any assumed elementary 
transient. 


General Expression 


Let us assume that a source lies on the x-axis between O and L. Let us take 
the signal generated at the origin as a reference for counting time, that is, 
A(o)f(t)dx expresses the strength and waveform due to the element dx near x=o. 
This contribution is made at the receiver after some travel time 79, which is ex- 
pressed by A(o)f(t— 7 o)dx. The source is initiated at x=o and proceeds at a ve- 
locity V in the direction of positive x, and hence the signal at the source for any 
value of x is f(t—x/V)A(x/L)dx. In addition to the travel time 7», it is assumed 
that there is an additional delay which is greater, the further a point lies in the 
negative x direction. At the receiver, then, the contribution from an element dx 
centered at x is f(t—Ty>—x/V+2x/C)A(x/L)dx. The total signal at the receiver 
is the integral of this quantity from O to L. We can normalize by dividing by the 
total source strength JEA (x/L)dx. A general expression for the transient wave- 
form at the receiver due to a distributed source is 

L 


f(t — To + — x/V)A(x/L)dx 
f A(x/L)dx 
0 


Slightly different language leads to the same general expression for a dis- 
tributed receiver located between O and L. If a transient waveform /(/) reaches 
the origin after a delay To, the signal generated by the element dx at the origin 
is {(t—T)A(o)dx. The disturbance reaches the positive values of x first, so that 
the signal generated at x is f(t— T7»>+«/C)A(x/L)dx. The receiver is assumed to 
have a property of delaying signals generated at larger posit've values of x with 
respect to smaller values, so that the contribution to the tinal signal due to an 
element dx located at x is f(¢— Ty» +«/C—x/V)A(x/L)dx. This is the same as the 
expression for the source and is integrated and normalized in the same way. 
Hence, the same general expression applies to both sources and receivers. For 
convenience of writing and plotting, two non-dimensional parameters will be 
introduced here. The first is the measurement of distance in units of pattern 
length, namely y=x/L. The second is to measure time in units of some arbitrary 
period T. We shall also remove the fixed time 7, the “travel time” between 
the origin of x and the observation point. The non-dimensional time parameter 


4 
‘ 


TRANSIENT BEHAVIOR OF PATTERNS 33 


is defined as r=(t— 7 o)/T. We shall also define the differential delay across the 
pattern in the same non-dimensional scale, namely Ar = (A‘,—At,,)/T. In dimen- 
sionless form, equation (1) is: 


1 
f(r — yAr) A(y)dy 


0 


f A (y) dy 
0 


In these terms, the total source strength C is: 


L 1 
& -f A(x/L)dx = Lf A(y)dy. (3) 
0 0 


Uniform Strength Distribution 


If the source or receiver strength is constant along its length, integration of 


equation (2) gives: 
f f(r)dr -f f(r — Ar)-dr 
0 


= — (4) 


It should be noted that if the constant source strength has the value Ao, then the 
total strength of the pattern is 


L 
ran -f = AoL. (5) 
0 


Triangular Sirength Distribution 


A strength distribution which is zero at the ends and builds up linearly to a 
maximum value A; at the middle is expressed by these conditions: 


A(y) 
A(y) 


These conditions are put into equation (1), which is then integrated in two 
pieces. The resulting dimensionless waveform due to a triangular distribution is: 


for o<y<1/2 


(6) 


— y)Ai for 1/2<y<1. 


F,(r) = 


(7) 
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The total source strength of the pattern is: 


1/2 1 
Ci = Lf 2yAidy + Lf 2(1 — y)Aidy = A,L/2. (8) 
0 1/2 


“‘House-Top”’ Strength Distribution 

It is apparent that the outputs of two patterns acting simultaneously can 
simply be added. The dimensionless waveform due to the sum of a uniform dis- 
tribution and a triangular distribution is: 


CoF + C,F,(r) 


F 
o(7) Cot C, 


(9) 


Some Other Symmetrical Distributions 


Jones (1945) published the steady-state responses of a whole family of source 
distributions, all of which have a maximum value in the middle of the pattern 
and drop off smoothly to zero at the ends. We give here the transient expression 
for the case 


A(y) = [1 — 4(y — 3)*] Aa. (10) 


Equation (1) has been integrated for this case, giving for the dimensionless wave- 
form: 


F;(r) = 
2 


(Ar/2)? 


(Ar/2)8 


(11) 


The total source strength of the pattern is: 
1 
C3 = Lf [x — 4(y — = 2A3L/3. (12) 
0 


Jones also discussed the distributions proportional to [:—4(y—1/2)*] raised to 
the second, third, and fourth power, as well as other symmetrical distributions. 
For all these cases, the output waveform can be expressed as a sum of integrals 
of the basic waveform, but the number of terms would be large, and hence the 
equations would be less useful for computing output waveforms or for visualizing 
the performance qualitatively. 
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IMPULSE RESPONSE OF PATTERNS 


Some Remarks About Impulse Responses 


It is well known that the complete performance of a linear system can be ex- 
pressed by its impulse response. A linear system is one in which an input function 
of time and an output function of time are related through a linear differential 
equation. The impulse response is the output waveform /(¢) resulting when the 
input is a unit impulse, #(¢). The unit impulse is zero for all values of ¢ except 
t=o, at which point it is infinite in such a way that /m(t)dt=1. The impulse 
response may be of interest in itself, but one of its important characteristics is 
that it provides a means of computing the output waveform F(¢) due to any input 
waveform /(/) through the convolution integral 


= f I(t — 2)f(z)dz. 
0 


A pplication to the General Expression 


If we assume that the waveform due to an elementary. length of pattern is 
u(t), then equation (1) becomes 


L 


— To + x/C — x/V)A(a/L)dx 


L 
f A(x/L)dx 
0 


Using the relation dr=(Ar)dy, equation (13) can be written 


Ar 


— yAr) A(y)dr 
(14) 
f A ody Ar 

0 


I(r) = 


The effect of integration of the numerator is to put in A(y) those values of y for 
which (r— yAr) =o. This gives a general expression for the impulse response of a 
pattern with any strength distribution A(y): 
A(r/Ar)/Ar 

1 


f A(y)dy 


0 


I(r) = (15) 


Uniform Strength Distribution 


For this case, J)(r) has the constant value 1/Ar from r=0 to r=Ar and is 
zero elsewhere: 
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If Ar is positive 
I)(r) = 1/Ar, o<r< Ar. 
If Ar is negative 


Io(r) = — 1/Ar, Ar<r<o. 


Triangular Strength Distribution 
Using equations (6) and (8), the impulse response for a triangular strengt h dis- 
tribution from equation (15) is: 
When Ar is positive: 
I,(7) = 2(r/Ar)/Ar, o<r< Ar/2 


I,(r) = 2(1 — 7r/Ar)/Ar, Ar/2 <7 < Ar. 
When Az is negative: 
= — 2(r/Ar)/Ar, Ar/2<Tr<o 
— 2(1 — 7/Ar)/Ar, Ar <r < Ar/2. 


“House-Top” Strength Distribution 


The combined impulse response for more than one distribution acting simul- 
taneous! is again the sum of the individual responses properly weighted. Hence 
the impulse response due to a combination of a uniform distribution and a tri- 
angular distribution is: 


I2(r) [Col o(r) + Cil(r) | (Co + C)). (18) 


Other Strength Distributions 

For the distribution described by equation (10), the impulse response from 
equation (15) is: 

When 47 is positive: 


I3(r) = — 4(r/Ar — 1)2]/2Ar, o<r< Ar. 


\ 


When 47 is negative: 


19) 
f(s) = — alt — 


It is apparent from the above examples that the impulse response of any pattern 
is the same function of r/Ar that the source distribution is of y, normalized in 
such a way that /7(r)dr=1. Hence, for any strength distribution whatever, the 
impulse response can be written down immediately and normalized very simply. 


STEADY-STATE REPRESENTATION 


Because the steady-state behavior of patterns has been so thoroughly covered 
in publications, the sine-wave responses of these strength distributions will not 
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Fic. 6. Uniform distribution: Impulse response. 


be given here. They are the Fourier transforms of the respective impulse re- 
sponses. 


DISCUSSION OF RESULTS 
Uniform Strength Distribution 


Impulse response curves for this type of pattern are plotted in Figure 6 for 
selected values of Ar. For Ar=o, the curve is an infinite spike, or unit impulse. 
As Ar increases, the impulse response continues to be a replica of the strength 
distribution with the height and width of the pulse varying so that the area is 
always unity. 

The effect of this pattern on a simple waveform is shown in Figure 7. The 
waveform for each value of Ar can be obtained by convolving the simple wave- 
form with the appropriate impulse response or by use of equation (4). 

Several interesting points are set forth in Figure 7. An obvious one is the fact 
that as the delay Ar increases, the amplitude decreases and the pulse spreads 
out. If Ar is larger than the duration of the original pulse, the output consists of 
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Fic. 7. Uniform distribution: Computed waveforms. 


two separate pulses with a dead space between them. For the waveform shown, 
output amplitudes decrease smoothly with no rebound points. This shows that 
for a short pulse, which necessarily contains energy in a fairly wide frequency 
band, there is no critical length of pattern which will “tune in” and really 
eliminate the signal. A second point is the shift in arrival time of the center of 
the pulse. In a way, this shift occurs because we have taken the reference time 
to be the time when the beginning of the basic waveform occurs at one end of 
the pattern. This can best be discussed with a particular physical pattern in 
mind, for which purpose we shall choose a bag of powder in a vertical hole being 
fired from the top. If formation speed is greater than the speed of burning of the 
powder, the first signal to be detected will always be due to the part of the charge 
which fires first. The effect of the rest of the string is felt later, and the delay Ar 
is defined to be positive in this case. Since the moment of detonation is the time 
reference, the onset of the signal will be the same for all positive values of Ar. If, 
on the other hand, the powder velocity is higher than formation speed, the signal 
from the bottom of the string may be received first, which would be called a 
negative Ar. In this case, the onset of the signal is earlier by an amount which 
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Fic. 8. Waveforms due to matched powder string. 


depends on Ar. Note that the center of the waveform shifts as Ar varies. These 
can be looked at as reflection waveforms due to powder strings of different burn- 
ing speeds, always using a high-gain uphole phone as a time correction. If the 
powder burns faster than formation speed, the event comes in early; if slower, 
it comes in late. The waveform is also different, depending on the degree of mis- 
match. 

For a given powder speed, the waveform will change in a similar way with 
direction of radiation from the string. Figure 8 shows how the size and shape of 
the radiated signal varies with angle when powder and formation speeds are the 
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Fic. 9. Waveforms due to over-delayed powder string. 


same. Arrivals are adjusted so the center of the pulse always comes at the same 
time, rather than relative to an uphole phone break. The same type of plot is 
shown in Figure g for a powder string which is over-delayed so as to show ‘‘super- 
directivity.” It is not strikingly different from the case of matched speeds, al- 
though peak-to-peak amplitude does decrease somewhat faster with angle near 
the downward direction. 

The same expressions apply to detectors. Figure 10 shows the output of a 
line of closely-spaced geophones electrically in parallel and lying on a uniform 
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Fic. 10. Waveforms due to line of geophones. 


earth. It is apparent that reflections arriving at large angles may be given an 
abnormal low-frequency appearance when large patterns are used. 


Comparison of Four Strength Distributions 


Many treatments show in terms of steady-state expressions that tapering the 
strength of a pattern along its length may provide advantages over a uniform 
distribution of strength. Figure 11 compares the performance of four strength 
distributions when acting on a simple wavelet. These curves were computed on 
the ElectroData computer by the process of convolving equations 16, 17, 18, and 
Ig respectively with the simple wavelet which is shown in each case as the wave- 
form when there is no time shift. It was anticipated that for large values of Ar, 
either of the last two cases would result in smaller residual signal than was ob- 
tained with the uniform distribution. This turns out to be true by a small factor, 
but it appears that for small values of Ar, the details of the strength distribution 
have very little effect on the resulting waveform. 


Comparison of Two Lumped-Element Patterns 


Figure 12 gives an added example of the transient behavior of a strength dis- 
tribution for which the sine-wave performance has been published. In their Fig- 
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Fic. 11. Waveforms for four distributions. 


Fic. 12. Comparison of two strength distributions for seven-element array. 
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ure 6, Parr and Mayne (1955) show the increased rejection within a frequency 
band which can be achieved by proper gradation of effectiveness of seven lumped 
elements, as compared with seven uniformly sensitive elements with the same 
spacing. Since the increased rejection is accompanied by decreased band width, 
it is not easy to visualize the relative effects of these two patterns on a short 
wavelet. The gradation of strength corresponding to Choice 1 in Parr and Maynes 
Figure 6 was computed, and the resulting comparison of waveforms is presented 
in Figure 12. 
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A REVIEW OF METHODS OF FILTERING SEISMIC DATA* 


MARK K. SMITH 


ABSTRACT 


Filtering in its general sense represents an important phase of data processing. In recent years 
such new methods as delay line filtering and digital filtering as well as conventional seismic filtering 
have been described in the literature. The purpose of this paper is to clarify the relationship between 
these methods of filtering and to compare design criteria such as cross-correlation filtering and zero- 
phase filtering. Synthetic records as well as field records are used to illustrate the effects of the various 
filtering techniques. 


INTRODUCTION 


Conventional seismic filters (of the band pass type) are usually contemplated 
in terms of their cut off points and rejection rates or slopes. Such general terms 
as a 21-cycle-per-second sharp or double section low cut and a 75-cycle-per-sec- 
ond soft or single section high cut, commonly suffice to describe a seismic filter 
setting and imply its application (i.e., to reject low frequency ground roll and 
high frequency wind noise without materially disturbing the reflection character- 
istics). In recent years, unconventional filtering methods have been applied to 
seismic data such as digital filtering (Wadsworth et al., 1953; M.I.T. Geophysical 
Analysis Group Reports, 1953, 1954, 1955), and delay line filtering (Jones et al., 
1955), as well as flexible electrical filtering. When used with magnetically stored 
data and high speed data processing equipment, these general filtering tech- 
niques are attractive because of their great flexibility in representing a wide 
variety of filter characteristics. Since general filter characteristics and their 
applications cannot be adequately described in terms of cut off points and slopes, 
however, plus the fact that, mechanically, digital filtering and delay line filtering 
appear to differ from electrical filtering, some confusion may exist as to the 
relationship between these filtering methods. The purpose of this paper is to re- 
view briefly conventional filtering, delay line filtering, and digital filtering, and 
to attempt to illustrate the similarity of the three methods without recourse to 
mathematics. In addition, such filter design criteria as cross-correlation filtering 
(Jones and Morrison, 1954) and zero-phase filtering will be similarly illustrated 
and related. These filtering techniques represent data processing tools, and it is 
not the purpose of this paper to justify or promote one above the other. 


* Presented at the 26th Annual Meeting of the Society of Exploration Geophysicists, New Or- 
leans, Louisiana; at the 33rd Annual Meeting of the Pacific Sections of the A.A.P.G., S.E.G. 
and S.E.P.M., Los Angeles, California; and at the Permian Basin Geophysical Society, Mid- 
land, Texas, on January 8, 1957. 

Manuscript Received by the Editor August 12, 1957. 
¢ Geophysical Service Inc., Dallas, Texas. 
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FILTER RESPONSE 


The characteristics of a seismic filter are commonly described in terms of 
amplitude and phase response. Although the amplitude response (relative at- 
tenuation of frequencies passing through the filter) is often considered to be the 
dominating characteristic of a seismic filter, the phase response can have a pro- 
found effect on the character of the output signal. Both response curves are re- 
quired to describe a filter adequately. Figure 1 shows response curves for a typical 
seismic amplifier and filter. 

Other methods of describing the characteristics of a filter are equally well 
known. Among these is the impulse response or the response of the filter to a 
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Fic. 1. Response curves for a typical seismic amplifier and filter. 


spike or sharp pulse. Figure 1 also shows the impulse response of the same 
amplifier and filter. For practical purposes, either the impulse response or the 
amplitude and phase response uniquely describe the filter action; in fact, one 
can be mathematically derived from the other. The impulse response will be par- 
ticularly useful in relating the various methods of filtering to be reviewed. 
One interpretation of the significance of the impulse response is shown in 
Figure 2. The top three traces show input impulses of various magnitudes, 
polarities, and initiation times; and the resulting outputs or impulse responses 
with corresponding magnitudes, polarities, and delays. For example, the input 
to trace 2 is inverted, of greater magnitude, and delayed by six milliseconds with 
respect to trace 1. The output trace 2 is similarly inverted, of greater magnitude, 
and delayed by six milliseconds with respect to the output trace 1. Trace 4 shows 
the input traces added to simulate the dotted wavelet, and the output traces 
added to give the output of the filter when the wavelet is applied to the input. 
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In fact, the summed output was actually obtained by passing the input wavelet 
through a filter. 


CONVENTIONAL, DELAY LINE, AND DIGITAL FILTERING 


Figure 3 will help to illustrate delay line filtering and digital filtering. In mag- 
netic delay line filtering (Jones et al., 1955), the input is applied to the recording 
head of a magnetic delay drum or delay line, and the output is formed by (1) 
sampling the input data at delayed points around the drum by means of pickup 
heads, (2) weighting the output of the individual pickup heads (including polarity 
reversing), and (3) summing or mixing the weighted head outputs. This opera- 
tion is schematically represented in the second line of Figure 3. The input signal 
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Fic. 2. Illustration of the significance of the impulse response. 


is applied to the delay drum by the square recording head. The round pickup 
heads sample the recorded signal at progressively increasing delays, and the 
potentiometers symbolize the weighting of the head outputs where the weighting 
factors are the constants 4, a2, a3, etc. The weighted head outputs are then added 
together to form the output of the delay line filter. The weighting factors aj, as, 
a3, etc., and the corresponding pickup head locations determine the filter char- 
acteristics of the delay line filter. In particular, the values of the weighting factors 
and the time locations of their corresponding pickup heads give the impulse re- 
sponse directly. 

Conceptually, digital filtering is very similar to delay line filtering. First, 
however, the input signal must be digitized (i.e., trace amplitudes read at uni- 
form time intervals and converted to numbers). Then, just as in delay line filter- 
ing, the input data is sampled and weighted (multiplied by a constant) at pro- 
gressively delayed points, and the weighted samples are added to form the digital 
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output. Line 3 of Figure 3 schematically illustrates digital filtering. The digitized 
input signal is sampled at the time delays represented by the arrows, multiplied 
by the weighting factors aj, d2, a3, etc., and the weighted samples are added to 
form the output. 

The similarity of conventional, delay line, and digital filtering may now be 
seen by applying an impulse or sharp spike to the input of the three filters repre- 
sented in Figure 3. The output of the conventional filter (trace 1) will be the 
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Fic. 3. Schematic representation of delay line filtering and digital filtering. 


impulse response of the filter as previously described. In the case of delay line 
filtering (trace 2) and digital filtering (trace 3), the outputs will likewise be the 
impulse responses of the filters. In fact, if we visualize the input impulse recorded 
on the delay line filter at the recording head, then as the impulse moves around 
the drum, the location and weighting factor of the pickup heads will directly 
generate the impulse response of the delay line filter. Thus, since the impulse 
response uniquely determines the characteristics of a filter, the delay line filter 
and digital filter may be made to simulate a specific conventional filter by adjust- 
ing the weighting factors and pickup head locations or sampling points to simu- 
late the impulse response of the conventional filter. See Figure 3. Figure 4 shows 
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Fic. 4. Seismic trace filtered by delay line simulation of conventional filter 
and by conventional filter. 


a seismic trace conventionally filtered and the same trace delay line filtered, where 
the delay line filter simulates the response of the conventional filter. The corre- 
spondence is quite good. 


SOME FILTER DESIGN CRITERIA 


The three methods of filtering reviewed above (conventional, delay line, and 
digital filtering) are different ways of accomplishing general linear filtering. We 
will now review some of the recent developments in filter design criteria, or the 
reasons and justifications for selecting and applying a certain group of filter 
characteristics out of the infinite number available. 

Figure 5 again shows the amplitude and phase response of a typical seismic 
amplifier and filter. The amplitude response, of course, describes the relative at- 
tenuation of frequencies passing through the system. The effect of this relative 
attenuation on an input signal is often referred to as amplitude distortion. Like- 
wise, the phase response describes the relative phase shift introduced by the sys- 
tem. The familiar interpretation of the phase response is, of course, that the 
slope in any frequency interval determines the time delay of the filter for signals 
of those frequencies, and that the zero frequency intercept of a tangent line to 
this slope, and the deviation of the response curve from this line, determine the 
phase distortion. Figure 5 shows the effect of this amplitude and phase distortion 
(trace 2) on an input wavelet (trace 1). Notice the time delay, the change in 
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Fic. 5. Example of amplitude and phase distortion. 


waveform, and the spreading or greater delay of the low frequencies with respect 
to the high frequencies. Trace 3 shows the effect of amplitude distortion alone. 
Here the resemblance to the input wavelet is quite striking. Thus, the major dis- 
tortion of the wavelet must be attributed to phase distortion. The example 
shown in Figure 5 was, of course, selected to illustrate phase distortion and is 
therefore an extreme case. However, the seismic amplifier-filter used to obtain 


this example does represent a typical simple seismic system. 


Zero-Phase Shift Filtering 


The effect of phase distortion (illustrated in Figure 5) upon record interpreta- 
tion and the accuracy of the results is a function of the system used and the 
characteristics of the seismic energy. In most cases this effect is minimized by 
restricting the number of filters used to a few closely related settings. Neverthe- 
less, the high degree of similarity between input wavelet and output wavelet 
when only amplitude distortion is present, suggests the desirability of a seismic 
system with z.ro-phase shift at all frequencies. Magnetic recording can be used 
for this purpose, as shown schematically in Figure 6. The input wavelet (shown 
in the bottom Jeft hand corner of Figure 6) is modified by the amplitude response, 
and its phase ts shifted according to the phase response of the filter (top left hand 
corner of Figure 6). The wavelet emerging from the filter (second wavelet from 
the left) is then magnetically recorded. Now we recall that the effect of the filter 
phase shift was to delay, by different amounts, the various frequencies making 
up the input wavelet, thus causing phase distortion. Therefore, if the distorted 
wavelet is reversed, or turned around in time, and passed through the same filter, 
the filter phase shift will again delay these same frequencies as before, but the 
delay will be in the opposite direction with respect to the wavelet. Thus, the 
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Fic. 6. Schematic diagram of zero-phase shift filtering. 


additional delay will merely compensate for the previously introduced delay, and 
the total phase shift introduced by the forward recording and reverse playback 
will be zero. However, the amplitude responses will be multiplied, as would be 
the case if the wavelet were filtered normally through two filters in series. Refer- 
ring again to Figure 6, the distorted wavelet is played back in reverse from the 
magnetic recorder (third wavelet from the left) and passed through the identical 
filter used in recording. The filter phase shift compensates for the phase distortion 
previously introduced, and the wavelet emerges (right hand wavelet) resembling 
the input wavelet except for the desired amplitude filtering. Although this method 
of filtering is known by a variety of names, we call it zero-phase shift filtering. 

Figure 7 shows a portion of a conventionally filtered 12-trace record. Figure 8 
shows the same record zero-phase shift filtered. Now it is well known that not 
only do the filter and amplifier introduce phase shift, but the seismometer as well 
has a phase and amplitude characteristic. Figure 9 shows the same record as in 
Figure 7, zero-phase shift filtered through the amplifier, filter, and electrical 
equivalent of the seismometer. Thus, no phase shift has occurred between the 
ground motion and the galvanometer. 


Cross-Correlation Filtering 

Cross-correlation filtering as applied to seismic data has been described by 
Jones and Morrison (1954). Briefly, cross-correlation filtering consists of search- 
ing a trace for the occurrence of an expected waveform by the mathematical (or 
electrical) operation of cross-correlating the trace with the expected waveform. 
This is fully equivalent to filtering the trace through a filter whose impulse re- 
sponse is the reverse of the waveform sought. This filter design criteria can be 
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Fic. 10. Comparison of zero-phase shift filtering and cross-correlation filtering. 


justified mathematically on the basis of maximizing the signal-to-noise ratio, for 
that particular waveform, if the noise is white (flat frequency spectrum) and 
Gaussian (North, 1943). 

The concept of cross-correlation filtering can be more lucidly explained by 
analogy with zero-phase shift filtering. Referring to Figure 10, the schematic 
representation of zero-phase shift filtering is again shown in line 1. We recall that 
the filtered trace is magnetically recorded and played back through the same 
filter to compensate or eliminate the phase shift. Now in cross-correlation filter- 
ing, a seismic record containing a wavelet or waveform which we wish to detect 
is magnetically recorded. If we imagine an impulse applied to some unknown 
system has generated the waveform which we wish to detect, then the waveform 
may be considered to represent the impulse response of the unknown system. 
The unknown system can then be simulated by adjusting the delay line filter to 
have an impulse response simulating the waveform. The magnetic recording is 
then played back in reverse through the delay line filter, and this operation of 
cross-correlation filtering compensates for the phase distortion introduced in the 
unknown system just as zero-phase filtering compensates for the phase distortion 
introduced in the seismic system. The output waveform will then be similar to 
the input impulse except for the amplitude distortion of the unknown system. 
Figures 11 and 12 show the same record as in Figures 7, 8, and 9, filtered by the 
cross-correlation method, 
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CONCLUSIONS 


The objective of this paper has been to review and clarify methods of filtering 
seismic data. The record examples shown were not selected to prove that one 
method is superior to another or that any practical improvement can be gained 
by these techniques. Rather, the examples are included solely as illustrations of 


these filtering techniques. 
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SEISMIC REFLECTION RECORDS OBTAINED 
BY DROPPING A WEIGHT* 


EDWIN B. NEITZELT 


ABSTRACT 


Measurements of the wave shape of the seismic transient generated by dropping a weight indicate 
that the weight drop has a much higher efficiency than shooting dynamite. The surface wave which 
is generated by the weight drop is very large, but it is minimized by the use of large seismometer 
groups, many drops per trace, and large offset distances. For experimental studies, a special recording 
instrument adaptable for either shooting or weight dropping is used. The weight truck is hydraulically 
operated. Weight dropping versus shooting studies indicate that the quality of weight drop records 
is limited by the large surface wave generated by the weight impact on the ground. 


INTRODUCTION 


During the pioneer days of seismic prospecting, seismic transients were gen- 
erated by dropping a weight on the ground surface for experimental studies. 
The large surface noise generated by the weight impact resulted in discouraging 
results. 

Because of the advancements in instrumentation during the last few years, 
this picture has been changed considerably. This is due primarily to the develop- 
ment of magnetic recording as a useful seismic tool. 

If a large number of samples of signal plus noise data are accumulated, a 
well known process can be applied. If the signal or reflection events have strong 
coherence but the noise has low coherence, the summation of the recordings will 
result in an improvement in signal-to-noise ratio. Dr. Burton McCollum (1956) 
was a distinguished pioneer in the application of this principle to seismic pros- 
pecting. 

BASIC EXPERIMENTS 


In a study of weight dropping, the first subject of importance is the seismic 
transient generated by the weight impact on the ground. Consider first the 
seismic transient amplitude. 


Seismic Transient Amplitude 


The energy in a pound of dynamite is approximately 2,300 B.T.U.’s. By 
dropping a 4,600 pound weight from g feet, 53 B.T.U.’s of potential energy are 
available. A small percentage of this energy is expended due to wind resistance 
during the fall, but the assumption is made that all the energy is kinetic at the 
instant of ground contact. In West Texas, a pattern shot was compared with one 
drop of this weight, and the Devonian reflection amplitude was measured with 

* Presented at the Tenth Annual Midwestern Meeting of the Society of Exploration Geo- 
physicists, Forth Worth, Texas, on March 13, 1957. Manuscript received by the Editor August 16, 
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SEISMIC RECORDS BY WEIGHT DROPPING 


Fic. 1. Model dropping instrument for letting a 240 pound weight 
slide down a steel pole to contact a base plate. 


calibrated equipment. The 36 hole pattern shot consisted of 205 pounds of dyna- 
mite (475,000 B.T.U.’s) which gave a Devonian reflection amplitude, normalized 
as one. The one weight drop resulted in a reflection amplitude of one-third of this 
value. From these values, it can be concluded that the efficiency of the weight 
drop was approximately one thousand times the efficiency of the dynamite shot. 
Other important factors to be considered are the wave shape of the seismic 
transient and the seismic noise which is generated by the weight impact. 


Seismic Wave Shape 


Generation of seismic energy in the elastic ground calls for a detailed study 
of many factors. Consideration must be given to the mass, the velocity, and the 
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shape of the falling body as well as the elastic constants of the weight and the 
ground. 

Lamb (1904), Jones (1946), Prescott (1946), and a few others in the past 
have discussed analytically the impact of a force with a semi-infinite solid body. 
Recently Evison (1951), Miller and Pursey (1954), Newland (1954), Pinney 
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Fic. 2. Strain gauge data obtained with model dropping instrument. 


(1954), and Kasahara (1954) have discussed analytically the generation of seismic 
energy due to the application either of force or of the impact of a falling body to 
the solid semi-infinite medium. 

These theoretical approaches are difficult to verify by field experiments be- 
cause of such complicating factors as the crushing of the near surface for a short 
time after the weight impact. But, it is an interesting and important point to 
illustrate the general characteristics of the seismic transient. For this reason, a 
study was made of the seismic transient by the use of strain gage measurements 
which agreed with the analytical work in a very approximate manner. 

Figure 1 shows a model dropping instrument which was used for allowing a 
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240 pound weight to slide down a steel pole and contact a base plate. By letting 
the weight slide down the pole, the same transient was produced with each drop 
of the weight. Strain gages were mounted on the weight, on the base plate, and 
in the ground. 

Figure 2 shows some of the data which were obtained. The sine wave curves 
were calibration curves and the actual data were obtained by photographing the 
face of an oscilloscope tube. 


4 
at i 


Fic. 3. Apparatus for obtaining strain gauge data with 4,600 pound weight. 


Frequency response of the system was 5 to 2,000 cycles per second. Actual 
data are reproduced at the right for clarity. Notice from the strain gage on the 
weight, shown at the top, the first impulse is an impulse in compression when 
the weight contacts the base plate. The base plate bounces away, and a short 
time later the weight contacts the base plate again. At this time it couples a seis- 
mic transient into the ground. Note the wave shape of the seismic transient which 
is in the ground, shown by the strain gage on the bedrock. Analytical expressions 
and explanations of the complete data were inconclusive. The important point 
to note from these measurements is the time scale, for the seismic transient is 
approximately 1/20 of a second long. It is very long compared to the seismic 
transient resulting from a dynamite detonation, so that the predominant fre- 
quency for a weight drop is low compared to dynamite shooting. 

Figure 3 shows the apparatus which was used for dropping a 4,600 pound 
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concrete block on the ground. Strain gages were mounted on the weight and in 
the ground. 

Figure 4 shows some of the data obtained with this apparatus. With the strain 
gage mounted inside the weight one inch from the bottom, using the elastic 
constants of concrete, a force-time curve was obtained at the surface of the 
ground. These measurements were obtained with calibrated seismic instruments 
with a frequency response from 8 to 150 cycles per second. Note, for the first 
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Fic. 4. Strain gauge data using a 4,600 pound weight. 


drop, the recording shows an impulse in compression of 200,000 pounds which is 
followed by a low frequency oscillation. By continuing to drop in the same loca- 
tion, compacting the ground, and then recording the latter drops of the weights, 
we notice a decrease in the low frequency oscillation. In some areas it is ad- 
vantageous to compact the ground before recording. 


TECHNIQUE 


Consider now a simplified weight drop technique for 1o drops per trace with 
50 percent ground overlap. This will illustrate the process for building up a com- 
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posite record and the process could logically be extended to any number of drops 
per trace or any degree of overlap. Each end of a spread of weight drops contains 
a group of 64 seismometers. Figure 5 identifies these as seismometer group no. I 
and seismometer group no. 2. The surface of the ground or dropping spread is 
laid off into six intervals; intervals A through F. The weight truck starts dropping 
at the beginning of interval A, and each time the weight drops a recording is 
made on magnetic tape from seismometer group no. 1 and from group no. 2. 
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Fic. 5. Simplified weight dropping technique for ten drops per trace with 
50 percent ground overlap between traces. 


The weight truck proceeds through interval B to pick up ten recordings from each 
of the seismometer groups. After the completion of the tenth recording, an addi- 
tion of the magnetic tracks is made with the reflection events aligned. Addition 
of the data from seismometer group no. 1 gives trace no. 1 corresponding to 
subsurface coverage point no. 1. Addition of the data from seismometer group 
no. 2 gives trace no. 6. The weight truck then proceeds to pick up five more 
drops at interval C. Retaining the information in interval B and adding on the 
information from interval C, subsurface coverage point no. 2 is obtained from 
the addition of data from seismometer group no. 1. Subsurface coverage point 
no. 7 is obtained when the addition is made from seismometer group no. 2. 
The weight truck then proceeds down the line to pick up the drops necessary for 
building up the composite multi-trace record. 

You will notice that traces 5 and 6 are the corresponding tie traces for a 
conventional split recording. Traces 1 and 10 correspond to the conventional 
computing traces or zero offset traces of a split record. 


EQUIPMENT 


The type of equipment used for weight dropping is dictated by the primary 
object of the work. Equipment which will be briefly described was designed 
primarily for experimental use. 
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Fic. 6. Recording of individual drops in the field. Each drop is recorded on the 
magnetic drum through a different pair of heads. 


For experimental equipment, a fundamental requirement is versatility. Gen- 

eral features of the equipment are listed below: 

Function Conventional shooting recording or weight drop recording. 

Tape recorder FM magnetic recording. 

Number channels —_ One or two channel recording for weight dropping. 

Capacity Maximum number of drops/trace= one hundred. 

Corrections applied Fixed time shifting of magnetic recording. (Normal move- 
out corrections not applied by the use of the field equip- 
ment.) 


The process of recording could be divided into three basic steps as described 
below. The first of these steps as shown in Figure 6 is the recording of the one- 
trace or usually two-trace data on a magnetic drum. The signal from seismometer 
group no. 1 passes through amplifier no. 1 and is recorded onto an appropriate 
magnetic head position. Similarly, the signal from no. 2 is recorded on an ap- 
propriate magnetic track position for the second channel. After each drop another 
magnetic track position is turned on until we have completed ten positions for 
each channel. The next step, which is illustrated in Figure 7, is the integration or 
the storage of the recorded data. 

Information from the ten magnetic track positions with the reflection events 
aligned is played back through adder no. I and recorded on an appropriate 
magnetic storage track position for building up the final composite record. Simi- 
larly, the data from adder II are stored for building up the final composite 
record. By continuing this process, our final composite record is constructed. 
The final step in the process is the playback of the final ten trace record onto a 
standard oscillograph camera. See Figure 8. 

There are two approaches for the three steps which can be considered. One 
can perform all of these operations in the recording truck in the field. The alter- 
native is to perform the basic recording and some of the additions in the field, 
but the final additions and playback of the data would be from a central office 
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Fic. 7. Addition of the single drop recordings. 
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Fic. 8. Playback of the final composite record. 
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Fic. 9. Method of obtaining time alignment for the reflection events. 
Record starts at instant of weight impact on the ground. 
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machine. The first approach is versatile and inexpensive, and this makes it easily 
adaptable for experimental purposes. For production work the central office play- 
back approach results in higher efficiency. 

The step which has not been considered in the previous discussion is the 
method of obtaining time alignment for the reflection events. Referring to Figure 
9, when the weight contacts the ground, an impulse switch attached to the top 


Fic. 10. Weight dropping truck shown with the dropping mechanism folded up. 
Weight rests on the truck bed for transporting. 


of the weight closes. This causes one time-break to be propagated over a radio 
link to the magnetic drum start circuits in the recording truck. These circuits 
energize a magnetic clutch which results in the initiation of drum rotation. There- 
fore, the record starts at the instant of the weight impact on the ground. 

Initiation of drum rotation is obtained with an effective starting time of 10 
milliseconds by the use of a special design. This design consists of a magnetic 
clutch, a compliance coupling, and a follow-up mechanism. Accuracy in starting 
times of plus or minus one millisecond was maintained. 

Figure 1o shows the weight dropping truck in the folded position. A hy- 
draulically operated ram is used for raising the weight dropping framework. 
After the framework is in the raised position, it is locked automatically by a 
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hydraulically operated lock pin. Figure 11 shows the framework in the dropping 
position. The weight is raised by a quadruplex cable system within the bed of the 
truck, so that a short stroke cylinder could be used. A solenoid-controlled drop- 
ping valve opens a large area drop valve resulting in low back resistance to the 
falling weight. Design of the structure is such that it can be easily transferred 
from one truck to another. The weight is made of case Kirksite which was used 


Fic. 11. Weight truck with framework in the dropping position. 


because of its high salvage value and its ease of procurement. High impact 
strength of Kirksite was also an important factor. Weight was 5,300 pounds. 


EVALUATION 
Number of Drops per Trace 


Figure 12 illustrates a laboratory controlled example of the improvement in 
signal-to-noise ratio by the process of adding many samples of the same signal in 
different samples of random noise. Noise for these tests was generated by a noise 
generator and then passed through a seismic amplifier filter with a pass band of 
8 to 150 cycles per second. In general, a conclusion from well-known signal de- 
tection theory is that the improvement in signal-to-noise ratio is proportional to 
the square root of the number of samples when the signal is coherent and the 
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Fic. 12. Laboratory experiment to illustrate the improvement in signal-to-noise ratio by the addition 
of samples of the same signal superimposed on different random noise. 


noise is incoherent. For the field case the noise is not random in nature, but the 
seismic signal is often more coherent than the seismic noise. 

Figure 13 illustrates how the detection of seismic signals is increased by in- 
creasing the sampling process. These records were obtained in West Texas with 
zero ground overlap. 


Shooting Versus Weight Dropping 


It is always difficult to evaluate a seismic tool. In one area excellent results 
may be obtained. The next area may result in the opposite conclusion. A question 
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Fic. 13. Field data illustrating the improvement in signal detection by the use 
of different number of drops per trace. 
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records—weight dropping records. 
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Fic. 14. Comparison records for shooting versus weight dropping. Top two records—shooting records. Bottom two 
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is often asked, ‘‘Are the optimum weight drop records for an area better than the 
optimum conventional shooting records?” The answer is usually, “No.” At this 
point it must be admitted that the cost of obtaining the weight drop records is 
usually much less than the conventional shooting data. So, how good should the 
data be before the geophysicist will use it? Some very general conclusions con- 
cerning an evaluation are illustrated on Figure 14. 

The top two records were obtained with multiple hole shooting, and the 
bottom two records are the approximate equivalent weight drop records. Notice 
immediately that the deep reflections in the shooting records have better re- 
flection standout than the weight drop records. This has been found to be gen- 
erally true. Does the additional] reflection standout justify the high cost of shoot- 
ing? The geophysicists usually answer, “Yes, because we need high reflection 
standout for character identification. And furthermore, we want better record 
quality than we are getting with the best conventional shooting techniques.” 

Figure 15 shows an interval of a record section which gave good reflection 
standout for the primary reflection of interest, the Siluro Devonian. These rec- 
ords were corrected to a plane, and normal moveout was removed by the use of 
a central office tape playback machine (normally used for conventional seismic 
record tape playbacks). Other reflections on the records could be emphasized 
by playing back the records with more gain and a stronger AGC action. 

If the best weight drop records are not as good as the best conventional shoot- 
ing records, an explanation should be sought. In an area in West Texas, some 
poor, fair, and good weight drop records were obtained. In an attempt to evaluate 
why the poor records were obtained, numerous experiments were performed, and 
one of these was a ground-roll test. Figure 16 shows the ground-roll records 
which were obtained at the locations where some poor, fair, and good records 
were obtained. The filter setting for obtaining these records was the narrow band 
filter which was normally used for weight dropping in the area. Records were 
obtained by dropping the weight one time at a distance of 700 feet from the 
seismometer patch and recording one drop per trace, so that the information is 
almost entirely ground roll. A one drop per trace record was obtained by equally 
spaced in-line drops as the weight truck moved out from the seismometer patch. 
Notice on the top record that ground roll carry-out is for the entire length of the 
record. At the location where a fair reflection record was obtained, there is less 
evidence of carry-out for the ground roll as illustrated by the second record. At 
the bottom of Figure 16, there is very little evidence of ground roll after approxi- 
mately one second, and a good reflection record was obtained at this location. 
This evidence illustrates that the surface noise is the primary problem. This can 
be further substantiated by measurements of surface-noise amplitude in the 
ground around the drop points. In Figure 17 the poor, fair, and good records 
corresponding to those locations are illustrated. 

In order to obtain the optimum weight drop technique, the ‘various parame- 
ters which are used for building up the composite record must be investigated 
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Fic, 16. Ground-roll test at locations where poor, fair, and good records were obtained. 
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Fic. 17. Poor, fair, and good reflection weight drop records obtained at the 
locations for the ground-roll tests shown on Figure 16. 
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Fic. 18. Surface wave amplitude versus horizontal offset-drop to the seismometer 
group distance. Seismic amplifier filter setting 33-60. 


to check the effect on the recorded surface noise. In approximately the same 
location as the ground-roll test described above, several curves were obtained 
and are described below. 


Surface Wave Versus Horizontal Offset-Drop from Seismometer Group 


It is a well known fact that ground roll is attenuated with increasing offset 
due to the geometrical factor, the attenuation of the ground, and the particular 
near-surface elastic layering conditions. Data for Figure 18 were obtained with 
one drop per trace, so that primarily surface noise was observed. Measurements 
were made with calibrated equipment through a narrow band filter of 33-60. 
Notice considerable attenuation of ground roll with increasing offset. Advantage 
can be taken of this improvement in some areas. 


Surface Wave Versus Circular Seismometer Pattern Diameter 


In carrying out seismic field work there are numerous arrangements for seis- 
mometer groups which may be used. Analytical considerations of the horizontal 
response to the predominant ground roll frequencies should dictate the particular 
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Fic. 19. Pattern dimensions for 64 seismometer pattern. 
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Fic. 20. The geometrical relationship leading to equation 4. 
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arrangement. This analytical work should act as an aid to decrease the amount 
of field experimentation required for solution to a particular problem. Both theo- 
retical work and the practical aspects of routine field operation led to the develop- 


ment of a circular seismometer array of seismometers. Results for this array are 


illustrated by a comparison of field experimentation versus theoretical response. 

For the following curve the number of seismometers per pattern was held 
constant at 64, and the pattern area was varied to determine the relative response 
to the surface wave. Pattern dimensions are given on Figure 19. Assuming that 
this pattern can be approximated by four concentric continuous ring seismome- 
ters, a theoretical curve can be computed for comparison with the experimental 
measurements. Assume also that the pattern dimensions are small compared 
with the distance between pattern and drop point, as illustrated by the parallel 


ray paths on Figure 20. 
The amplitude at P due to the two incremental units of strength A» on the 
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Relative response 


wd rd 
v v v v 


By assuming a linear system the principle of reciprocity allows either the 
ring or the point P to be the radiator or weight drop. For this particular applica- 
tion the point P would be the weight drop position. 

Correlation between the computed and the theoretical curve of Figure 21 is 
relatively good. The measured frequency and velocity that were used to obtain 
the computed curve were 20 cycles per second and 5,000 feet per second. 


Surface Wave Versus Length of Drop Pattern 


From antenna theory, Kraus (1950), the in-line response of an in-line array 
of equally spaced drops is given as the relative response, 


where 
= number of drops, 
angular distance between drop positions 
(360)df/», 
distance between drops in feet, 
frequency in cycles per second, 
and 
v = velocity in feet per second. 
For the computed curve of Figure 22, velocity of 5,000 feet per second and 


frequency of 20 cycles per second were used, and we held the number of drops 
per pattern constant at 20. 


CONCLUSIONS 


By dropping a weight, a seismic wave can be efficiently generated. When the 
weight contacts the surface a large amount of surface noise is also generated. 
This noise must be minimized before reflections can be mapped. 

In order to minimize the noise on the final composite record, numerous pa- 
rameters can be worked with. A large number of drops per trace, the proper size 
seismometer groups with an adequate number of seismometers, and the correct 
filter settings for both record and playback are necessary in order to obtain a 
satisfactory record. 
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Fic. 21. Surface wave amplitude versus seismometer pattern diameter 
of Figure 19. Computed curve obtained by using equation 4. 
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Fic. 22. Surface wave amplitude versus length of drop pattern. Computed curve obtained from 
equation 5 using a frequency of 20 cycles per second and a velocity of 5,000 feet per second. 
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DIRECTIVITY EFFECT OF ELONGATED CHARGES* 


A. W. MUSGRAVE,} G. W. EHLERT,{ D. M. NASH, Jr.t 


ABSTRACT 


After years of development it has been determined that the energy from the detonation of a low 
velocity explosive in an elongated column approaches a unidirectional pattern. This column is placed 
in the subweathering material extending } to 2 wavelengths in lengths depending on the frequency of 
energy desired. 

\ study of the theory of propagation showed that greater directivity can be obtained from the 
same length of charge by using a powder with a detonation rate less than the side wall velocity of the 
shot hole. As the detonation rate of the column is lowered relative to the side wall the directivity in- 
creases and the downward energy decreases. The optimum balance of these factors is a detonation 
rate about 4 of the side wall velocity. 

Experiments on elongated charges indicate that a very important effect of directivity is the elim- 
ination of “ghosts” as well as the reduction of horizontal energy. 

Interpretation may be greatly facilitated by a reduction in unwanted energy. Character is no 
longer dependent upon hole depth. Records have a more uniform appearance. Elongated charges 
produce many of the same effects as shallow pattern holes, but under many circumstances they are 
easier or less expensive to use. 


INTRODUCTION 


For some time it has been thought that a vertically elongated charge, prop- 
erly delayed and detonated, would have properties of great value to seismic 
exploration. Previous papers gave the results of using a spiral primacord delay 
line to propagate the detonation of charges at the rate of the side-wall velocities 
in a borehole (Shock, 1950). The pressure field around distributed charges and 
their application to some seismic problems has been studied (Sparks and Silver- 
man, 1953). The most important property expected of vertically distributed 
charges is their ability to radiate greater amplitude disturbances in the down- 
ward rather than in the upward direction. This property should greatly reduce 
the relative amplitude of many of the interfering reflections on a seismogram. 
The multiple reflections from energy initially reflected above the level of the 
shot have been dubbed ‘‘ghosts’”’ (Van Melle and Weatherburn, 1953). 

All of the early experiments with elongated charges used a prima-cord delay 
line, as described by Shock, to make the propagation velocity of the explosive 
equal to the acoustic velocity of the surrounding formation. The authors’ experi- 
ments with this type delay line encountered great difficulty in obtaining complete 
detonation of charges of effective length under conditions slightly less than the 
ideal. These early charges were also cumbersome and their preparation was too 
time-consuming. For these reasons, an important aim of this experimental work 
was to develop a vertically distributed explosive that was operationally feasible 
as well as theoretically desirable. 


* Manuscript received by the Editor February 27, 1957. 
+ Magnolia Petroleum Company, Dallas, Texas. 
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EFFECT OF GHOSTING 


An example of the need for a vertically distributed charge is found on records 
taken during a seismic survey made in West Texas in 1948. Figure 1 shows some 
of these records taken at four different shot points. The changes in relative phase 
and amplitude of the Devonian and Montoya (Ordovician) reflections with hole 
depth make correlations difficult. These character changes were caused by inter- 
ference from ghost energy. The Montoya reflection was either reinforced or de- 
stroyed by the Devonian ghost. The only method then available to make the 
Montoya pickable was to find the shot depth in each hole at which reinforcement 
occurred. This hole depth depended on three factors, (1) uphole time, (2) time 
interval between the two horizons, and (3) the frequency and pulse width of the 
reflections involved. These factors made it impossible to find a depth in all the 
holes that was optimum for all the reflections on the records. The interpreter 
could allow the ghosts, more than the actual dips of the formations, to influence 
the map made from his interpretation. 

Interference from ghosting has not been given proper recognition in the 
Louisiana Gulf Coast Area. This probably resulted from the discontinuity of 
reflections and the accepted absence of correlations. Figure 2 shows a portion 
of a group of records from southern Louisiana taken from shots coming up a 
hole at ten-foot intervals. A visual inspection of these records does not reveal 
the presence of ghosting but does clearly show some form of shot-hole variable. 
Figure 3 shows a statistical evaluation made by picking all peaks and troughs on 
all the records within the same time interval shown in Figure 2. These time picks 
were corrected to a surface datum and plotted against shot depth. Figure 4 is a 
generalization of this diagram. All picks that fall approximately on a vertical 
line are reflections. Those picks that approximate a line parallel to the plot of 
twice the uphole time are ghosts. This procedure reveals that nearly half of the 
information in this time interval on these records is meaningless. Figure 5 shows 
the relative quality of the data plotted on Figure 4. On records taken below a 
depth of 50 feet, many of the good lineups are the result of reinforcement of re- 
flections by ghosts. A detailed examination indicated that almost every variation 
of reflection time observed on this set of records was due to the interaction of 
reflections and ghosts from shallower reflectors. 

Figure 6 shows the effect of the ghost at 18 shot-hole depths ten feet apart in 
South Central Texas. The inset shows a normalized tracing of the Georgetown 
reflection and its ghost. All consistent lineups on the records at all shot depths 
from 30 to 200 feet were picked. These picks were corrected to a surface datum 
and plotted against shot depth as shown on Figure 7. The same distinction be- 
tween reflections and ghosts made in Figure 4 can be made here. 

The shooting and plotting procedure described above is a good test for deter- 
mination of the degree of ghost interference present in any given area. These 
tests have been made by crews working in a large number of areas under a wide 
variety of shooting conditions. The results of all such tests showed the presence 
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The basis for the design and operation of vertically distributed charges was 
taken from studies of acoustical radiating theory and line microphone theory 


3. A detailed plot of trough and peak times from the records in Fig 


flections and ghosts make identification and accurate recording of either event very difficult. 


Fic. 4. A generalized plot of Figure 3 showing an attempt to separate some reflection and ghost 


of some ghost interference. It is therefore felt that all interpreters should consider 
(Olson, 1947). This same theory has been used to explain the action of horizontal 


carefully how much their work has been influenced by meaningless ghosts. 
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Fic. 5. A plot showing the relative quality of events plotted in Figures 3 and 4 indicating that 
many of the good lineups are actually ghosts. 


pattern shots (Daly, 1956). Figure 8 is a polar plot of sensitivity versus angle of 
sound incidence for nonoverdelayed line microphones and is taken from Olson. 
Figure g is a plot of the same quantities for line microphones overdelayed by one- 
fourth of the undelayed sound transit time through the line. Both figures show 
either the change in directivity of a given microphone with frequency or the 
change in directivity with length of microphone for a given frequency. A com- 
parison of the figures shows that directivity increases with overdelay for the 
same frequency and length of microphone. Using the theory of reciprocity these © 
deductions apply to the sending (shot) end of the energy path. An indication of 
the magnitude of the theoretical value of overdelay can be deduced from these 
figures in terms of practical values. From Figure 8 a good directional character- 
istic is given by a distributed source 4 wavelengths long. A velocity of 7,000 
feet per second and a frequency of 40 cycles per second would require a source 700 
feet long. In contrast, from Figure 9 a good directional characteristic is given by 
an overdelayed source only two wavelengths or 350 feet long. The loss in down- 
ward amplitude can be compensated by using a stronger source. 

The two preceding figures were based on a continuous wave, such as a single 
tone. The applicability of the theory outlined above to discontinuous signals, 
such as a ‘Ricker wavelet,” is demonstrated in Figure 10. The directional charac- 
teristics shown were calculated for continuous charges, or wavelet sources, dis- 
tributed in the vertical] direction over the distance traversed by the wavelet dur- 
ing its apparent period (White, 1958). The overdelay dy) employed is given by: 
dy=(Vm/Va)—1, where V,, is the velocity of the surrounding formation and V,z 
is the average delayed detonation velocity of the elongated charge. 
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Fic. 7. A plot of the events on the records shown in Figure 6 showing that changes in ghost 
reflection times are directly proportional to changes in twice the uphole time. 


Fic. 8. Polar plot of the directivity of a non-overdelayed line microphone as calculated 
by Olson for a continuous signal. 
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Fic. 9. Polar plot of the directivity of a jth overdelayed line microphone as 
calculated by Olson for a continuous signal. 


Fic. 10. Polar plot of the directivity of non-overdelayed and 4th overdelayed column charges 
calculated for a Ricker wavelet. The length of the column charges is equal to the apparent wavelength 
of the wavelet. 
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DESCRIPTION 


Two types of elongated charges were used to demonstrate the effect of 
vertically distributed and delayed energy sources. The first type consisted of 
separate charges of high velocity explosive suspended in a column by a rope. 
The explosion was propagated from charge to charge by primacord through 
primacord delay connectors. These delay connectors were obtained from the 
Explosives Department of the Du Pont Company with delays of about one or 
two milliseconds. The Du Pont Company designation for connectors with these 
two delay times is MS-1 and MS-2 respectively. 

The design of this spaced charge type of elongated charge was controlled by 
the degree of directivity required at a frequency contained in the seismic spec- 
trum. This design frequency was usually taken as the inverse of the longest peak 
to peak time appearing on a seismogram taken in the area in which the charges 
were to be used. The velocity of detonation was controlled by charge spacing, 
s, the delay time, /g, of available primacord connectors, and the velocity of 
detonation, V,, of the primacord and dynamite. Charge spacing was calculated 


by 
Vs Vanta 


= 


Total length of the elongated charge was usually limited by the cost of drilling 
shot-holes and the difficulties and hazards involved in making up this type of 
charge. The length was approximated by L=KV,,/f, where K is a directivity 
factor proportional to the degree of directivity required, and f is the design 
frequency discussed above. The exact length was then found by L= Ns where N 
is a whole integer equal to the number of delay connectors used. Experimenta- 
tion with charges of various lengths and the same V, indicated that a value of 
K=} is adequate to eliminate ghosting. Experimentation at several locations 
with charges of different velocities found the optimum amount of over-delay to 
be about }. The effect of overdelay on ghost elimination was not visible on 
records taken with charges longer than 4 wavelength of the design frequency 
(K =}). Overdelayed charges as short as } wavelength attenuated ghosting that 
was still visible on records taken with non-overdelayed charges of this length. 
The second type of elongated charge used in this work is shown in Figure 11 
and consisted of a continuous column of small cartridges of low velocity explosive 
in a flexible plastic tube. This columnar charge was found to be very superior to 
the spaced elongated charge in ease of handling and dependability of operation. 
It is manufactured by the Hercules Powder Company and is designated by them 
as the EP-172 series of explosives. These columns are obtainable in lengths of 
approximately 92 feet with detonation velocities ranging from 6,500 to 13,500 
feet per second under 50 psi of water pressure. Additional information can be 
obtained from Hercules in the form of a booklet entitled “A Suggested Field 
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Procedure for Handling, Loading, and Priming Hercules EP-172 Seismograph 
Explosives.” 


EFFECT OF DIRECTIVITY IN THE HORIZONTAL PLANE 


An example of the ability of elongated charges to radiate more initial energy 
in the direction of propagation than in the lateral direction is shown in Figure 12. 
The two records shown in this figure were taken with identical instrument settings 
and spreads. Formation velocity was 7,000 feet per second below the weathered 


Fic. rr. An elongated charge developed from this experimental study 
and manufactured by the Hercules Powder Company. 


layer. The velocity of detonation of the elongated charge was 5,600 feet per 
second. Measurements from similar points on the two records show that the ratio 
of the amplitude of the first incident horizontal signal to the downward signal on 
the elongated charge record is about one-seventh of that on the point charge 
record. This is a measure of the performance of the charge independent of the 
imperfect medium in which it is placed. If noise is derived from horizontally 
radiated energy in the reflection spectrum, the directivity of the charge is in- 
valuable. 

It has been illustrated in the literature that shallow horizontal patterns are a 
highly directive energy source. Experience has shown that single columns of 
EP-172 in single deep holes are equal to 36 hole patterns in noise-reducing ability 
where conditions are equally favorable to both. The consistency with which re- 
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Fic. 12. Records showing the directional characteristics of a column charge as compared to a point charge at a location in North Central Texas. 


Ratios are calculated using amplitudes of first breaks and a reflection later on the record. 


essentially horizontal first break energy. 
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flection character is maintained by columns is also equal to that of patterns 
under these conditions. 


EFFECT OF DIRECTIVITY IN THE VERTICAL DIRECTION 


Elongated charges are able to radiate more initial energy downward than 
upward. This high “‘front to back ratio” eliminates ghosting. It has been stated 
(Hawkins, 1956) that ghosting is probably the most important shot hole variable. 
The authors of this paper heartily concur. 

Figure 13 shows the results from an elongated charge detonated upward com- 
pared to one detonated downward. The first record shows nearly all ghosts 
while the second record shows none. This fact was established by retracing the 
ghost record with each trace inverted and shifting the retraced record to the left 
about twice the uphole time. The results of this operation are shown on the 
bottom record of this figure. The correlation with the un-ghosted record is very 
good. Figure 14 is a better example of the ability of an elongated charge to pro- 
duce only ghosts, or completely eliminate them, when its direction of detonation 
is reversed. The traces shown as solid lines were traced from a record taken with 
downward detonation. The traces shown as dashed lines were inverted and cor- 
rected for time delay after they were traced from a record taken with upward 
detonation. 

The directivity of the elongated charges can separate wanted and unwanted 
events on records taken with single charges of high velocity powder. This effect 
is illustrated in Figure 15 which shows the same trace copied from three records 
taken at the same location. The trace from the single charge is shown to be the 
summation of the column charge traces. This effect can also be seen on the bot- 
tom three records of Figure 6. 

CONCLUSIONS 

Examination of the top records of Figure 6 and times plotted for depths less 
than 50 feet on Figure 4 indicates that shallow shot depths are a possible solution 
to the ghost problem. The existence of thick weathering and high noise levels 
associated with shots in the weathering limits the application of this solution. 
The use of shallow pattern holes, however, has proved a solution to ghosting and 
other problems in many areas. The advisability of using either patterns or columns 
in marginal data country should be decided on the basis of comparative data 
quality only. In areas where shot-hole drilling is not difficult, economic considera- 
tions will favor the use of columns since they are easily adaptable to field opera- 
tions. A crew working in South Central Texas was consistently able to shoot over 
250 holes per month while using elongated charges. Another operational ad- 
vantage is that permits can often be obtained in places where patterns would not 
be allowed. On the debit side, columns are not desirable in areas where data 
quality is highly sensitive to changes in shot depth. The benefits of columns are 
lost if they cannot be loaded in an interval in the borehole in which the sur- 
rounding formations have reasonably consistent acoustic properties. 
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Fic. 14. Comparison of the center traces from two records taken at the same location after the 
traces from the charge detonated upward were inverted and shifted left by approximately twice the 
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Fic. 15. Comparison of the same trace copied from three records taken at the same location 
showing the delay of the charge directed up and the summation of the up and the down charges by 
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FREQUENCY ANALYSIS FOR GRAVITY AND 
MAGNETIC INTERPRETATION* 


WILLIAM C. 


ABSTRACT 


The operations of second derivative, analytic continuation, smoothing, the removing of residuals 
or regionals, and others in gravity and magnetic interpretation are analogous mathematically to the 
filtering action of electric circuits. The main difference between the two is that electrical filters act 
on functions of one variable (time), whereas the geophysical filters must act on functions of the two 
space variables (x and y). This paper develops linear filter theory for gravity and magnetic interpreta- 
tion. As an application of the theory, downward continuation is discussed in some detail. The fre- 
quency response of upward continuation is an exponential function decreasing with increasing fre- 
quency. The inverse process of downward continuation has a frequency response which is the re- 
ciprocal of the upward continuation response. This paper discusses a method of matching frequency 
responses by coefficient sets and shows by examples some of the inherent difficulties in downward 
continuation. A final example calculated analytically shows how good a downward continuation can 
be expected from a finite coefficient set. 


THEORETICAL DEVELOPMENT AND APPLICATIONS 


PART I 


INTRODUCTION 


We distort almost all of our geophysical data in certain desirable ways. For 
operations on gravity and magnetic data, we use analytic continuations, second 
derivative, and smoothing to suppress some characteristics of the data and em- 
phasize others not too evident on the original map. The mathematics governing 
most of the operations on gravity and magnetic data is identical to that which 
describes the behavior of electric filter circuits. The distorting effects of coefficient 
sets on gravity and magnetic space data are exactly analogous to that of a time 
domain filter on seismograms (Jones, Morrison, Sarrafian, Spieker, 1955; Simp- 
son, 1955; Swartz, Sokoloff, 1954; Wadsworth, Robinson, Bryan, Hurley, 1953). 
In one case the frequencies are measured in cycles per unit length; in the other, 


in cycles per unit time. 

There are several advantages to exploiting frequency analysis in gravity and 
magnetic interpretation. First, since the mathematics is the same, we can make 
use of the entire body of filter theory literature. Second, we may be able to 
apply a more direct approach for the evaluation of operations such as smoothing 
or continuation. We can even avoid complicated details such as the solution of 
many simultaneous equations for determining coefficient sets. Third, we can 
make quantitative evaluations of the effects of sampling grids and different co- 
efficient sets without resorting to empirical tests on actual data. Fourth, we will 
find frequency analysis helpful in evaluating unwanted effects such as data errors. 
The biggest advantage, however, may be the added insight gained from another 
point of view. The equations describing these geophysical problems are often 


* Manuscript received by the Editor August 2, 1957. 
+ Gulf Research and Development Company, Pittsburgh, Pennsylvania. 
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much simpler when expressed in frequency terms. Consequently, the entire result 
of an operation or a modification of an operation can often be visualized without 
any detailed calculations. 

Other writers, e.g., Nettleton (1954), have mentioned the filtering effects of 
operations on gravity and magnetic data. Swartz (1954) made use of the Fourier 
integral and the Fourier series approach with the frequency representation of 
data. Bullard and Cooper (1948) developed a Fourier series approach to down- 
ward continuation. Tomoda and Aki (1955) developed a filter theory method 
for digital downward continuations which obviated computing the Fourier series 
of the gravity data. Spatial frequency analysis is currently being used extensively 
in optics (O’Neill, 1956). This paper stresses the input-output filter behavior of 
gravity and magnetic interpretation from the electric circuit theory point of view. 
As a practical application of the theory, a detailed study of downward continua- 
tion is presented showing the troubles that arise, the reasons for them, and how 
good a continuation we can expect to get. 


LINEAR FILTER ANALOGY FOR GEOPHYSICAL INTERPRETATION 


If an electric circuit analogy for magnetic and gravity interpretation exists, 
the mathematics describing both systems are similar. We must show that the 
magnetic and gravity data processing operations we employ, or could employ, 
are equivalent to filtering operations. To do this, let us first describe the behavior 
of filter circuits.! 

The input to a filter and its output are voltages which vary in time. The in- 
put, &,(/), to a linear filter and its output, &(¢), are related by the following in- 
tegral equation known as a convolution: 


= f — 1) W(x)dr. (1) 


The function W(#), to which we shall refer as the weighting function, is a charac- 
teristic of the filter. It is actually the response of the filter to an impulse. 

The input and output time functions can also be thought of as functions of 
frequency. If the input is a sinusoidal voltage, it is already expressed as a function 
of frequency; namely, the frequency of the sine wave. If the time function were 
repetitive, we could express it as an infinite (Fourier) series of sines and cosines; 
that is, in terms of the fundamental frequency and its harmonics. If the function 
were not repetitive, we would use the Fourier integral rather than the Fourier 
series representation. Then all frequencies would be present instead of only a 
fundamental and its integral harmonics. The general relations which express a 
function of time, &(#), as a function of frequency, E(w), are the Fourier trans- 


1 There are many books available on filter theory. For example, see the second chapter of a book 
by James, Nichols, Phillips (1947) or the development in Part II of this paper. 
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forms, 


E(w) = f 


I 
&(2) t= (2) 
J _ 
where w/2m is the frequency in cycles per unit time. 
The Fourier transform of the convolution integral equation (1) results in a 
simplified input-output equation in terms of the frequency variable, . 


Ey(w) = E(w) Y(w). (3) 


The functions Eo(w), E(w), and Y(w) are the Fourier transforms of &o(), &:(t), and 
W(t) respectively. The fact that the input-output equation in terms of frequency 
is so simple is the main reason frequency analysis is useful. For example, seismic 
traces are time functions but we often think of them as functions of frequency. 
The seismic shots give rise to low-frequency noise, such as ground roll and high- 
frequency energy, neither of which penetrate the earth sufficiently to be useful in 
defining deep reflections. Consequently, seismic filter responses, Y(w), are small 
for these frequencies but large for the reflection frequency band in between. 

A time domain filter or a delay line filter (Jones, Morrison, Sarrafian, Spieker, 
1955) is an analog computer that simulates the action of a filter by approximating 
the convolution integral equation (1). The approximation of one type of time 
domain filter is the following summation: 


Eo(t) & — nAT)AT (4) 


where the smooth variable r has been replaced by the discrete variable nAT. This 
digitalized convolution is exactly the same type of operation as that of applying 
a coefficient set to a profile of gravity or magnetic data. Since we use coefficient 
sets to approximate almost any operation on gravity and magnetic data, these 
operations are convolutions. Any convolution equation reduces to the simple alge- 
braic input-output equation (3) under Fourier transformation; so frequency 
analysis applies to gravity and magnetic interpretation techniques just as it does 
to electric circuits. 

We can extend the theory to include functions (inputs, outputs, and filter 
responses) of two or even more variables. As we might expect, we must define 
two frequency variables to represent a function of two independent space vari- 
ables. The two-variable Fourier transforms are 


f f E(x, 


E(u, v) 


(5) 


I 
&(x, y) (2m)? f f E(u, dudy, 
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The two-variable convolution integral is 


y) = f f — a, y — B)W(a, B)dadg 


and the two-variable input-output frequency equation is 
Eo(u, v) = E,(u, v) Y(u, v) (7) 


where u/2m and v/2m are the frequencies in cycles per unit length in the x and y 
directions respectively. 

We could say much more about the properties of linear filters in general and 
geophysical filtering operations in particular. For the most part we will leave 
such discussions as well as the mathematical derivations to Part II. Here we only 
want to outline the theory and illustrate its application on an example problem. 


DOWNWARD CONTINUATION 


Since we do much of our data processing by numerical methods utilizing co- 
efficient sets, let us consider the problem of finding the coefficient set which ap- 
proximates a given operation and find how good the approximation is. There are 
several reasons why analytic continuation is an excellent problem to demonstrate 
the linear filter theory approach. First, the operation and its frequency response 
are fairly easy to specify exactly. Second, analytical test problems are easy to 
devise and calculate. Finally, the operation is inherently so unstable that limita- 
tions and any existing errors in the theory, the application of the theory, or the 
data show up immediately. Our procedure will be to find first the theoretical 
frequency response of the filter that continuation represents. Then we must 
choose the coefficients so that their frequency response approximates the theoreti- 
cal response. 

When we have the theoretical operation in convolution form, equation (6), 
we can express it in frequency terms by Fourier transforms, equation (7). Con- 
tinuation away from the source is defined in just this form by the well-known 
Dirichlet integral (Peters, 1949). 


h/2n 
f F(x — a, y — 8) dadB (8) 


where H(x, y) =&o(x, y) is the field measured on a plane a distance 4 above the 
source, and F(x, y)=&,(x, y) is the field that would be measured at the source 
itself. 
In frequency terms the input-output equation, analogous to equation (7), is 
K(u, v) = G(u, v) Yup(, v) (9) 
where K(u, v), G(u, v) and Yy,(u, v) are the Fourier transforms of the measured 
field H(x, y), the source field F(x, y), and the weighting function W,,(x, y) re- 
spectively. 
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h/ 20 
Wup(x, y) = (10) 


(h? + x? + 4°)? 2 


Therefore, the upward continuation filter response is given by the Fourier trans- 


form of 


(h? + x? + 


In any filtering process we perform, the input and the filtering operation are 
known; the output is the result we are seeking. This is true whether the filtering 
is done by electric filter circuits, analog computers, or the numerical application 
of coefficient sets. Thus for upward continuation the known input is the source 
field F(x, y) or G(u, v) and the unknown is the field H(x, y) or K(u, v) above the 


source. 


K(u, v) = G(u, ve (12) 


In downward continuation the process we are interested in performing is just the 
reverse. Here the measured field H(x, y) or K(u, v) is the known input, and we 
wish to find the source field F(x, y) or G(u, 2). 


(13) 


G(u, v) = v) Vaown(m, 2). 


But from the upward continuation equation (12) we have 


v) 
G(u, v) = ai . (14) 


v* 


Therefore, the theoretical downward continuation response must be 


Vdown(u, v) (15) 


Herein lies an indication of why downward continuation is so difficult. The higher 
the frequency, the greater the amplification it receives until infinite frequencies 
receive infinite amplification. This divergent nature of the theoretical frequency 
response prevents us from obtaining a finite theoretical weighting function. 
Swartz (1954) has shown that the second derivative filter response is (u?+ 0). 
The rising exponential response of downward continuation, however, approaches 
infinity with increasing frequency faster than any finite polynomial in wu and »v. 
Therefore, we might expect downward continuation to be the most difficult 
operation we try to approximate. 

We can simplify the presentation here by considering only the one-variable 
case, assuming no variation of field in the y direction. The mathematics and 


results are analogous to the two-variable case, and the results are easier to plot. 


tot 
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The Dirichlet integral in one variable is 


The filter weighting function is 


Wup(x) = (17) 


The frequency response for upward continuation is the Fourier transform of this 
weighting function, so 


and for downward continuation 
V down = et Alul 
which is analogous to the two-variable results. 


DIGITAL EFFECTS AND THEIR FREQUENCY BEHAVIOR 


Although the gravity and magnetic functions our data represent are in reality 


smooth continuous functions, in practice we often only know these functions at 
the points of intersection of a square (or other shaped) grid. Similarly, coefficient 
sets are digital representations of smooth continuous weighting functions. We are 
concerned with the problem of making our digital methods approximate the 
smooth theoretical operations as closely as possible. 

The main effect of digitalizing data is to limit the high frequency response. 
Consider a profile sampled at one-mile intervals. To represent a sine wave on this 
profile would require at least one sample every half-cycle. Therefore, the highest 
frequency sinusoidal component we can measure in these data would have a 
frequency of one-half cycle per mile. Essentially we are assuming that no fre- 
quencies higher than this are needed to represent our data adequately. We will 
refer to this frequency defined by the sampling rate of our data as the cutoff 
frequency. 

If our data sampling rate is adequate, we are assuming that the frequency 
response of the data for frequencies higher than the cutoff frequency is neg- 
ligibly small. If this is indeed true, we do not need to specify the frequency re- 
sponse of our coefficient sets above the cutoff frequency. The reason is that the 
output frequency response will be zero for all frequencies for which the input 
response is zero, no matter what the filter response is (equation 7). This is fortu- 
nate for it turns out that we cannot specify the frequency response of a coefficient 
set above the cutoff frequency. We show in Part II of this paper that the fre- 


T 
——F d 6 
4) = x — ajda, I 
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h + a 
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quency response of a coefficient set W, for the convolution 


&0(mAx) = W,&:(mAx — nAx) (20) 


n=—N 


+N 
Y.(u) = >> (21) 


n=—N 


where Ax is the data sampling interval. Most of the coefficient sets we use on 
gravity and magnetic data are symmetrical. Thus W,=W_, and the frequency 
response become an even function also. 


N 
Y.(u) = Wot 2 W,, cos (unAx). (22) 


n=1 


This series of cosines is essentially a Fourier series. Like a Fourier series, it repeats 
itself with a period equal to that of the fundamental cosine component, cos (uAzx). 


The period is 


——— u 2 
Ax 3 


Thus the maximum frequency at which we can specify the frequency response of 
our coefficient set is tax = 2%fmax=m/Ax, which is precisely the cutoff frequency 
we mentioned before. Consequently, in our downward continuation problem we 
make the approximation 


N 
ethlul S Wy + 2 W,, cos (unAx) (24) 


n=1 


for only the frequency range from zero to the cutoff frequency. 

In this usable range, the frequencies most essential to the reproduction of 
any function are those frequencies for which the frequency spectrum of the func- 
tion has the largest values. The frequencies are not necessarily the ones where the 
filter response of a theoretical operation has its largest values. Consider a rather 
simple example. Suppose two adjacent zones of the basement with different verti- 
cal magnetizations have a vertical contact. A vertical magnetometer at the base- 
ment level would measure a constant field over either zone with a discontinuity 
at the contact. The frequency spectrum of this step function 1/iu, has its largest 
values at low frequencies (see Figure 1). If the high frequency components were 
absent but the low frequencies accurately represented, the resulting approxima- 
tion would look like a step function. Conversely, if the low frequencies were ab- 
sent and the high frequencies correct, the resulting approximation would not be 
a recognizable step function. Most gravity and magnetic anomalies would have 
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STEP FUNCTION FC) 


STEP FUNCTION 
FREQUENCY SPECTRUM 


Fic. 1. The spectrum of a step function shows that its predominant frequencies are low frequencies. 


predominately low frequencies even if the field were measured near the source. 
However, they all have some upward continuation applied by nature since meas- 
urements are appreciably above the source. This introduces another e~"!“! factor 
which again favors low frequencies. Therefore, the low frequencies are the es- 
sential ones for defining all gravity and magnetic anomalies. The high frequencies 
are relatively more important for the smaller, sharper anomalies and for defining | 
sharp details. 


FINDING THE COEFFICIENTS 


The coefficients themselves can be found in various ways. One way is to 
equate the theoretical and coefficient set frequency responses, equation (24), at 
N-+1 different values of frequency. Then the solution of the resulting simul- 
taneous equations yields the coefficients, W,,. All of the coefficient sets illustrated 
in this paper were found by this method. 

There is a much more elegant method of finding the coefficients which en- 
ables us to compute each coefficient independently of the others. This method 
makes use of orthogonality properties of trigonometric series and is described 
in Part II. Avoiding the solution of simultaneous equations is important when 
the number of coefficients is large. 
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3- DECIMAL DATA 


4-DECIMAL DATA 


5-DECIMAL DATA 


DOWNWARD 
CONTINUATION 
COEFFICIENTS 


3- DECIMAL DATA 


4- DECIMAL DATA 


5-DECIMAL DATA 


DOWNWARD 
CONTINUATION 
COEFFICIENTS 


Coz 
c,= 
ci: 
Cas 


Fic. 2. The effect of the size of downward continuation coefficients and data accuracy in repro- 
ducing a step function. These coefficients are found by solving simultaneous equations and not by 
the use of orthogonality properties. 


There are other difficulties that arise in matching the coefficient set frequency 
response and the theoretical frequency response. We will discuss some of these in 
the following examples. 


MAXIMUM PERMISSIBLE COEFFICIENTS 


The weighting functions of all filters which amplify high frequencies more than 
low frequencies (high pass filters) must be oscillatory. Consequently, downward 
continuation coefficients possess both positive and negative terms. Furthermore, 
they are not bounded by any finite number since the rising exponential filter 
response, e**!“!, is not bounded as h/ increases. In practice, however, our data 
accuracy limits the permissible size of these coefficients. Data errors are amplified 
by a factor of approximately twice the difference of the maximum adjacent co- 
efficients. The curves on Figure 2 show the effect. The set with coefficients larger 
by a factor of ten than those of the other set requires data accurate to an extra 
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DEPTH OF BURIAL = 4 GRID SPACING 


DEPTH OF BURIAL = GRID SPACING 


DEPTH OF BURIAL = 2 GRID SPACING 
CSMOOTHING INCLUDED) 


Fic. 3. Downward continuation by 17-term coefficient sets to a step function source buried at’ 
different depths. The original data are shown by the dotted curves. 


decimal place to produce the same smoothness in result. This will be true for 
any coefficient set, but it is more pronounced for downward continuation since 
it is more unstable than other operations. This means that the deep anomalies 
must be broad ones in order for us to define them adequately by downward con- 
tinuation. Figure 3 shows how the definition of a step function gets progressively 
worse as the depth of burial increases, and Figure 4 shows the frequency re- 
sponses of the coefficient sets used. 


SMOOTHING NECESSARY 


The method of matching the theoretical frequency response and the coefficient 
set frequency response we have suggested up to now is to match them as closely 
as possible up to the cutoff frequency. This is not a good method. For frequencies 
beyond the cutoff, the two frequency responses are apt to diverge suddenly. This 
will always be true for high pass responses such as those of downward continua- 
tion, second derivative, or residual filters. The finite cosine series representing the 
coefficient set frequency response is an even function about the cutoff frequency. 
Consequently, if it has been rising up to the cutoff frequency, beyond this it 
will come down. The theoretical response, however, keeps on rising. Hence they 
must diverge. 
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mx 


FREQUENCY WT IN CYCLES PER UNIT LENGTH 


Fic. 4. Frequency responses for downward continuation coefficient sets used in step functions 
shown in Figure 3. The theoretical responses are shown by the dotted curves. 


Since the coefficient set response must diverge from the theoretical response 
eventually, it is better to have them diverge gradually. In this way, distortion 
is deliberately introduced into the high frequency response in such a way that 
the all-important low frequency response of the coefficient set is more correct. 
Incidentally, this is exactly what we mean by smoothing. Otherwise, even with 
many coefficients in the series, the two responses may differ widely in the match- 
ing range, causing severe distortions in the reproduction of the source fields. 
Figure 5 shows the distortion of a step function that results when too few co- 
efficients and no smoothing are used in downward continuation. In Figure 6, 
the normalized frequency responses of the downward continuation coefficients 
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9 COEFFICIENTS 


/\ 


H 13. COEFFICIENTS 


17 COEFFICIENTS 


25 COEFFICIENTS 


17 COEFFICIENTS WITH SMOOTHING 


HORIZONTAL DISTANCE 
AX =| GRID SPACING 


Fic. 5. Reproduction of a step function after downward continuation by several coefficient sets. 
The depth of burial is twice the grid spacing. These results show the improvement with increased 
ground coverage by coefficient sets and with smoothing. 


used on the examples of Figure 5 show the frequency distortion resulting from 
too few coefficients and no smoothing. 


ANALYTICAL EXAMPLE 


In the examples of downward continuation we have shown, there are two 
ways in which the coefficient set and theoretical frequency responses differ. One 
is the complete divergence of the two above the cutoff frequency, and the other is 
the periodic mismatch below the cutoff frequency. We can express both of these 
analytically and derive the form of the best possible downward continuation we 
can expect from coefficient sets. We have shown that smoothing is necessary to 
minimize the mismatch in the pass band, and so we shall include smoothing too. 
What form of smoothing we use is relatively unimportant since the only differ- 
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FREQUENCY 


u 
FREQUENCY ——> 


CONTINUATION DEPTH h = 24x 
AT CUT-OFF FREQUENCY 
ethUm = 535 


Fic. 6. Frequency responses of downward continuation sets normalized by multiplying by the 
true upward continuation response, e~'!*!. The number designates the number of coefficients in the 
set and the letter ‘“S” designates smoothing. The curves show that forcing a coefficient set of too few 
terms to fit the ideal response at high frequencies causes severe mismatch at low frequencies. 


ences among various smoothing methods will be in the types of resulting over- 
shoot for step functions. We will use normal error curve smoothing which 
possesses no overshoot at all since the Fourier transform of a normal error curve 
is a normal error curve. 

Therefore, let us find the resulting step function approximation by continuing 


an arc tangent function by a smoothed coefficient set. The frequency response 
of our coefficient set will match very closely the function? 


2 The error between a finite trigonometric series and its matching function will nearly equal the 
first neglected term if the convergence is reasonably rapid (Lanczos, 1938-39). The first neglected 
term for our case approximates a sine rather than a cosine function since the series has been adjusted 
to make the error zero at zero frequency. Also, the error will be negative since at the origin the slope 
of a cosine series is zero and that of the rising exponential is positive. 
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N 
sin (MAx| u|) = cot 2 >> ca cos (nuAx). 


n=1 
Using the input-output equations in frequency form, we have 
Eo(u) = E;(u) Vaown() 


where the input is 


H(x) = = &,(x) 


and its frequency response 


Consequently, 


I 
E(u) = — — age"! sin (MAx| u! )]. (44) 
iu 


The expression in the brackets is the normalized frequency response. A property 
of Fourier transforms states that the effect of the 1/iu factor is an integration in 


x (Campbell, Foster, 1931). 
f 


where f(x) is in this case the Fourier transform of the normalized frequency re- 
sponse. So 


MAx — x MAx +x 
&0(x) = f dx — + )| 
h?+(MAx—x)*? h?+(MAx+ x)? 


7 x ao h? + (MAx + x)? 
+ erf (=)| — — log 
2 2a 2 h? + (MAx — x)? 


2 z 
erf (x) f 


This approximate step function appears in Figure 7. The high-frequency response 
is limited by the data accuracy as we have discussed before. Its effect is to round 
the corners in the vicinity of the step function discontinuity. The periodic mis- 
match at low frequencies gives rise to a false anomaly apparently buried an 
additional depth h with a half width, MAx, equal to the half width of the down- 
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Fic. 7. These curves show the two inaccuracies prevalent in downward continuation coefficients. 
The finite slope at the discontinuity is due to limited high-frequency response. This effect is unavoid- 
able if coefficients are to remain reasonably small. The improper asymptotic behavior on the flanks 
is due to the coefficient set having finite ground coverage. 


ward continuation coefficient set used. This type of false anomaly is apparent on 
the flanks of any of the continuation examples shown in this paper. This is the 
most serious fault of downward continuations by coefficient sets since a new 
anomaly is created for every anomaly processed. Elimination of this effect re- 
quires greater area coverage by the coefficient set. 


[ h? + (MAx + | 


= 6 
= 


lim a = 


The convergence toward zero, however, is slow. With a ratio of coefficient set 
coverage to continuation depth of 16 to 1 (second example, Figure 3), the false 
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MEASURED FIELD AT SURFACE 


APPROXIMATE FIELO COMPARED 
WITH TRUE FIELD AT 2/3 TOTAL DEPTH 


FIELO AT BURIED SOURCE 


Fic. 8. This figure shows that the downward continuation to 2/3 total depth by a smoothed 
17-term coefficient set reproduces the field very well in the vicinity of the discontinuity and poorer 
on the flanks. Downward continuation used to a fraction of total depth can separate discontinuities 
from adjacent anomalies and the remaining depth estimated by other methods. 


anomaly is about 11 percent of the main one. When this width-to-depth ratio 
is 40 to 1, the false anomaly is less than two percent (first example, Figure 3). 
Since infinite edge effects such as these may not be practical, the ‘‘best possible” 
continuation will probably produce results of the form shown in Figure 7. The 
false anomalies are all at twice the depth of continuation. Perhaps they can be 
recognized from this characteristic and disregarded, but where the data are com- 
plicated by many conflicting anomalies, the interpretation may be difficult and 
lead to false depth estimates. Downward continuation will separate conflicting 
anomalies partially at least. As shown by Figure 8, slopes in the vicinity of dis- 
continuities are still quite accurate when continued to two-thirds the total depth 
of burial. The remaining depth might be estimated in various ways (Peters, 
1949). 

We can apply linear filter theory to other geophysical operations following 
the methods we used for downward continuation. A table of some theoretical 
geophysical operations, their weighting functions, and their frequency responses 
for both one and two variables is shown in Table I. Some of these operations, 
such as smoothing, are not defined by any exact frequency response. What form 
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TABLE I 
THE THEORETICAL FILTER WEIGHTING FUNCTIONS AND FREQUENCY RESPONSES FOR SOME 


GEOPHYSICAL DATA OPERATIONS FOR BOTH THE ONE AND TWO VARIABLES 
ARE TABULATED HERE FOR COMPARISON 


Weighting Function Frequency Response 
Geophysical Operation W(x) and W(x, y) Y (u) and ¥ (u, 2) 


Smoothing and other low Weighting function mostly positive Low frequencies favored 
pass filters values over high frequencies 


Regional removal and other Damped oscillatory function High frequencies favored 
high pass filters over low frequencies 


Second derivative = u? 


Gy, 


Derivative-integral opera- m dx” m 

tions of any order (Nega- gmtn 

tive orders of derivatives > —— Dd amnliu)™ (iv) 
imply integrals.) mon non 


Upward continuation 


h/ox 


\3/2 
. h/x 
Downward continuation lim ethlu 
ug h?+-x? 
COS Myx +— SIN 
h 
lim | — eto o(py x2+y2)dp eth’ othe 
pore dé 


the filter operation takes depends upon the problem at hand. The list in Table I 
is for illustrative purposes and does not pretend to exhaust the possibilities. 


PART II—MATHEMATICAL DETAILS 


FILTER THEORY 


There are several ways to express the input-output relations of a filter. In this 
section we will discuss three: the differential equation, the algebraic frequency 
equation, and the convolution integral. We will indicate how the first arises and 
derive the other two from it. In circuit equations we can express the voltage, V, 
across a circuit element (whether inductance, L, resistance, R, or capacitance, C) 
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in terms of the current through the element, J: 
Vi 
Ver 
Ve = 


In a linear circuit these are the only circuit elements that exist. Consequently» 
no matter how complicated the circuit is, the input and output voltages can 
always be related by a differential equation with constant coefficients. 
at™ dt 
d"§; 


ba - 
dt" 


d&; 
+ — + (48) 
dt 
The coefficients (a’s and 6’s) depend upon the R, L, and C comprising the circuit 
and so are constants. By differentiating both sides of the input-output equation 
repeatedly, any integrals due to capacitor voltages can be removed with the 
result in the form of equation (48). 
We can convert equation (48) into an algebraic equation by the use of Fourier 
transforms. 


E(w) f 


With the definitions in equation (2) we can find the Fourier transform of d&/di 
with a uv substitution. 


d& 
f = | +f &(L)iwe~ (49) 


With =&(— ~) =o we have 


f — ¢~'dt = iwE(w). (50) 


Applying this method repeatedly gives the Fourier transform of the mth deriva- 
tive. 


et 

(47) 

: 
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d"& y 
f = (iw)"E(w). 
dt" 


Substituting this result to equation (48) gives us 


[am (iw)™ + + +++ + ayiw + ao] 
= [b,(iw)" + + + + bo (51) 


—— = Y(w)E,(w) (3) 


az (iw)! 
k=0 


= 


which is an algebraic input-output equation in terms of the frequency variable. 
The third form of the input-output equation results from applying the inverse 
Fourier transform to equation (3) as follows: 


I I 
=f Eo(w)et*'dw = ~f E,(w) Y (w)e*'dw. (52) 


The left side of the equation is by definition &(#). In the right side of the equation 
we substitute the Fourier transform of the weighting function, W(t), for Y(w). 
That is, 


Y(w) -f W (r)e— "dr (53) 


so equation (52) becomes 


I 
= ~f W (r)e~ (54) 


Inverting the order of integration, we get 


I 
&o(2) -f |. 
27 


Now the integral in the brackets is by definition &,(/—r), so the resulting equa- 
tion becomes the convolution integral: 


= f — r)W(r)dr. (1) 


The fact that the Fourier transform of the product of two functions is the con- 
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volution of the transforms of the functions is known as Parseval’s theorem, a 
fundamental theorem of transform calculus. 

There are three main properties of linear filters. The first is superposition: 
the output of the filter to a sum of inputs is equal to the sum of the outputs of 
the filter with each input applied separately. That is, if for each input /,(¢) the 
output of the filter is F,(/), for the input >>, a,f,(¢) the output will be the sum 
>>, a,F,,(t). The second property states that the filter behavior is independent of 
time origin. That is, if F(¢) is the response of the filter to an input f(‘), then 
F(t—to) will be the response of the filter to the input f(¢—¢o). The third property 
states that the c tput of a filter depends only on the present and past values of 
the input, which merely means that a filter does not respond to an input before 
that input is applied. 

In the case of gravity and magnetic interpretation, the independent variable 
is space, x, or the two space variables, x and y. Two of the three properties of 
linear filters hold. The first, superposition, holds since the effect of two anomalous 
sources can be analyzed as the effect of each separately, added together. The 
second, independence of the choice of data origin, holds since the operations we 
are discussing are applied in the same manner over an entire area. The third 
property, the filter response depending only on present and past values of the 
input, does not hold since the independent variables are space, not time. Thus 
the outputs of gravity and magnetic interpretation operations can and do depend 
on any and all values of the input data. This difference between space and time 
filters does not restrict the application of filter theory to space systems. Quite the 
contrary. It actually removes a restriction of time filters, permitting greater 
versatility in the space filters. 

The equations in the two variables x and y which are analogous to the differ- 
ential circuit equation (48) are partial differential equations. 


P.4 


OPT ; 


Laplace’s equation, or the second derivative operation, provides a good example. 


0°&; ( ) \ 
= (56) 


The application of the two-variable Fourier transforms (equation 5) in the same 
manner as the single-variable case (equations 49, 50, and 51) leads to the two- 
variable input-output frequency equation. 


Dd 


Eo(u, v) = E;(u, v) = E,(u, v) v). 
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Application of the two-variable Fourier transform to this equation is analogous 
to the steps of equations 52, 53, and 54 and results in the two-variable convolu- 
tion integral (equation 6). Thus any gravity or magnetic operation that can be 
described by a constant coefficient partial differential equation or by the two- 
variable convolution integral can be described by the simple algebraic input- 


output equation in frequency. 


CIRCULAR SYMMETRY OF SOME GEOPHYSICAL OPERATIONS 


Since the output of a space filter can depend on any and all values of space 
input, we can assign any frequency response we like to a filter as long as its 
Fourier transform (filter weighting function) is a real function. As a practical 
consideration, we will usually want filter weighting functions to be symmetrical 
(zero phase shift filters) so that the asymmetries and trends in the output are 
properties of the magnetic or gravity data and not dependent upon the kind of 
filter we used. When the filtering effect is the same in all directions, the filter 
weighting function is a function of a radius variable only. 


W(x, ») = +») = (57) 


In this case the filter frequency response V(u, v) will be a function of only a 
radial frequency variable Y(/ u?+»*) = Y(o). To show that this is true, we start 
with the normal Fourier transform, 


Y(u,v) = f f W(Vx22 + dxdy, (58) 


Now we substitute polar coordinates for the rectangular: 


= 


+ 


= rcosé@ u = pcos@ r 


r sin 6 v=psing p 
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-f f ier cos (0-6) 
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Qe 
f ettz = 
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3 See any text on Bessel functions. 
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= Y(p). (59) 


Since the filter frequency response is not a function of the angle ¢, it possesses 
circular symmetry whenever the weighting function does. By a similar develop- 
ment we can find the inverse transform and write the transform pair as 


0 
(60) 


I 
0 


These relations are known as zero order Hankel transforms. The normal (one- 
variable) Fourier transforms can be written as Hankel transforms also with 
orders 3 and —}3. 

We can make use of the rotational property of geophysical filters to calculate 
their Fourier direct or inverse transforms in another way. Sometimes this way is 
easier. Consider the direct transform in cartesian coordinates. 


Y(u, v) -f f W (a, dxdy, (58) 


We know a priori that both W(x, y) and Y(u, v) possess circular symmetry. Thus 
we can calculate the filter response along one direction and know that it will be 
the same for any direction. We have 


Y(u, v) = [ewer we, ye *udy, 
For the direction where »=0, we have 
If we substitute 
= f (61) 
we have reduced the double Fourier transform to a single Fourier transform, 
Y(u, o) = f (62) 


Now we can replace u by the radius variable p since the frequency response in the 
u direction is the same as in any other direction. This principle can be used to 
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reduce area weighting functions to profile weighting functions when there is no 
variation of the data in the y direction. 


DERIVATION OF COEFFICIENT SETS 


Let us consider now the derivation by frequency methods of the digital 
weighting functions used in numerical convolutions. Although we often desire 
our weighting functions to possess circular symmetry, this is not possible in 
minute detail when the weighting functions are in digital form on a square (x, y) 
grid. We may approximate circular symmetry reasonably well by using many 
coefficients in a set. However, detailed circular symmetry is not sufficiently satis- 
fied to justify using the polar variables r= x?+ y? and p= u?+? described in 
the preceding section. Consequently, we will use the Cartesian coordinate sys- 
tem for all coefficient set analysis. 

In order to derive the frequency response of a coefficient set, let us first start 
with a very simple case, the coefficient which has a constant value at the origin 
and zero everywhere else. Such a set, of course, is trivial since the output map 
would be exactly the constant times the original data. Since the input and output 
are identical, a convolution with such a set is equivalent to a filter which attenuates 
no frequency relative to any other. Therefore, the frequency response must be a 
constant and, in this case, equal to the constant amplification factor. If we call 
this coefficient set or weighting function W (x, y) where 


#o for x = y = ot 


W(x, y) { (63) 


= for x o or y oor both 


then its frequency response is given by the Fourier transform which we have 
already stated is the constant, k. 


Y o(u, v) f Wo(x, = k. (64) 
Suppose we define a function f(x, y) with a Fourier transform g(, 2). 
g(u, ») = J dady. 


Let us find the effect on the frequency response of shifting the f(x, y) function to 
f(x—2x0, y—yo). The trick is to multiply by = 


f f f(x — x0, — dxdy 
(65) 
f f f(x — yo)e~ @—z0) y 

= i(uzotove) 4, v). 


* Actually, Wo(x, y) is the Dirac delta function, ké(x, y). 
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Therefore, the frequency response of a single coefficient, k, located at (a, yo) is 
ke“*o+-ve), By extending this argument to many points, the frequency response 
of a general coefficient set Cn» is 


where Ax and Ay are the sampling intervals in and x and y directions. In the 
single-variable case we have 


This development is well known and can be found in many texts on linear filter 
theory. 


ORTHOGONAL SERIES RELATIONS 


The formulas we have just derived enable us to compute directly the fre- 
quency response of any known coefficient set. We are often interested, however, 
in calculating the coefficients of a set which approximates a certain theoretical 
operation. In this case the frequency response is known and the coefficients are 
unknown. As we mentioned in Part I, one way to do this is to equate the theo- 
retical frequency response and the coefficient set frequency response for several 
different frequencies, obtaining a set of simultaneous equations from which the 
unknown coefficients can be found. However, we would like to avoid the laborious 
process of solving simultaneous equations and solve for the coefficients directly. 
This we can do if the series is orthogonal. Series of sines and cosines can be made 
orthogonal if the series is either infinite, which is simply the Fourier series, or 
finite. 

Any function can be represented by the sum of an even function and an odd 
function. Consequently, no loss of generality results if we treat the even and 
odd cases separately. 

The orthogonal trigonometric series are as follows: If g(u) is an odd function, 
the series has only sine terms, 


M 
g(u) = 2 >> bp sin umAx (68) 


m=1 


and the coefficients, 6,, are given by 


I M kpr 
kAu) sin 6 
P M > g( ) sin M (69) 


where the smooth variable x has been replaced by mAx, the variable u by kAu, 
and where MAu=7/Ax, the cutoff frequency we defined in Part I. 
If g(u#) is an even function, a cosine series results, 
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M-1 
g(u) = ay + 2 D, am cos umAx + ay cos uMAx 


m=1 


and the coefficients, a), are given by 


I kpr 
g(o) + g(kAu) cos +- Au) cos pr. (71) 


2 


4 


The half-weights on the first and last terms are necessary to make the series 
orthogonal. 
The two-variable sine series is 
M M 


g(u,v) = 4 > > bmn Sin (umAx) sin (vnAy) 


m=1 n=1 


with the coefficients given ” 


k 


Mee 1 


and AuAx=AvAy=2/M. 
The two-variable cosine series is 
M-—1 


g(u, v) = + 2 Amo COS (umAX) + ane cos (uM Ax) 


m=1 
M-—1 M-1 M-1 


+2) aon cos (onAy) + 4 DO amn cos (umAx) cos (vnAy) 


n=1 n=l 


M-1 (74) 
b aun cos (uMAx) cos (vnAy) + aom cos (vMAy) 


n=1 
>> ana cos (umAx) cos (vMAy) + aww cos (uMAx) cos (vMAy) 
m=1 
and the coefficients are found by a similar series, 


— ~ 0) + p> g(kAu, 0) cos - + g(MAu, 0) cos pr) 
2 
M-1 


k 


I 
+ — lAv) cos pr) 


I kpr 
+ — cos qr\| — ~ M Av) + g(kAu, M Av) cos 
2 


k=l d 


I 
+ — g(MAu, MA?) cos pr) |. 
2 
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SUBSIDIARY TRIGONOMETRIC RELATIONS 


In order to prove orthogonality of these series, we will need a few trigonomet- 
ric relations. For convenience we will list the ones to which we will refer here. 
They are: 


n+1 
cos 6 (76) 
2 
k=l 
sin — 
2 


and from (76) we have 


(M —1)mr 
cos— —— sin ——————— 
M—} kmr M 2M 


cos 


k=l 


sin —— cos —— — cos—— sin —— 
2 2M 2 2M 


mr mr mr 


(77) 
I I 
— —(1+ cosmx) = — —(1+ (—1)”) 
2 2 
is an odd integer 
is an even integer and 
=o 
since if m=o, 
km M-—1 


M-1 
> cos = (41 


k=1 k=1 
Now making use of equation (77), we have 


44+0+4(—1)?=0 if pisodd, 
—+ cos + — cos pr = } o if piseven,p~o (78) 
4+ —1) +4 = itp = 0. 
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In a similar manner, 


kmr I 


+ cos "7 cos + COS mm COS pr 
{14+ [cos (p — m) + cos m) | 
k=l 


+ cos (p — m)x + cos (p + 
2 2 


I I kr I 
— + cos — (p — m) + —cos(p — mr) 
2 2 k=1 M 2 


kr 
2 


k=1 4 


Now by use of equation (78) the first of these terms is zero for all p’s except when 
p—m=o. The second term is always zero since p and m are positive integers 
and so p-+m+o. Thus we have 


fo if pAm 
pr kmr I 


— cos —— + — cos prcosmr = iM 
2 


The same method applies to this expression: 


kpr I 
— + cos cos kx + — cos px cos Mr 
] 2 


2 kel 


kr kr 
+ cos - — p)+ cos (M + 
2 


k=l 


2 


k=1 


2, cos cos + p)) | 


The first of these terms is zero unless p= M by equation (78). In the second 
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term, we can write the cosine terms as 


k 
+ p) = cos + p) cos 2kw + sin + p) sin 2kr 


Substituting this above, we have 
M—1 


+ COs cos kn + 
2 k 


I o ifpxM 
-cos pr cos Mr = (81) 
2 M ifp=M. 
PROOFS OF ORTHOGONALITY 
We will show here only the proof of orthogonality of the cosine series. The 
proof for the sine series is similar. The method is to write the cosine series 
equation (70), wi 


with the discrete variable «=kAu and by substituting it into the 
equation for the coefficient c,, show that c,=a, 


kpr 
Cp = | g(o) + >> g(kAu) cos —— + — g(MAu) cos pr | 
Pac? M 2 


= =| (a 2 am + + ay) 


m=1 


M—1 kpr M—1 kmr 
+ cos + 2 2>> dm COS ——— + ay cos kr) 
k=1 1 


M—1 
I 
— cos pr(a + 2 an cos mm + ay cos ur)| 
2 


M-1 k 
= Ee +2 cos pr) 


M—1 


M-1 k 


- COS --+-+ — cos pr cos nr) 
m=1 2 M 2 


4 


I M—1 kpr 
+ amy ( ~+ cos —cos kr — cos pm cos ur) |. 
2 k=1 M 


Using equations (78), (79), and (81) in the above form, we get 


m=1 M it p=m 


o ifp#M * 
+ ow} 
M ifp=M 


(80) 
(71) 
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OF Cp= 4p, for o< p< M, showing the validity of equation (71). 
The proofs of orthogonality of the two-variable series follow directly from 
the one-variable proofs when we resort to a special artifice. 
If we define 
g(kAu, lAv) = Axi = A,B, 


and 
and 


Cpq = 
we can write the cosine series, equation (74), as 


M—1 kmr 


g(kAu, lAv) = Ax = + 2 p> dm COS + ay cos ir) 
m=1 4 
82 


M 


(6. + 2 b,, cos 
n=] 


+ by cos in) 


and the coefficients, equation (75), as 


I 


kpr 
Coq = Cole = |= (— Agt+ p> A; cos : Ay cos pr) 
8 


Thus the two-variable cosine series is a product of two independent one-variable 
cosine series, the orthogonality of each of which we have just proved. So we have 


Cpq = Cpdqg = Apbg = apg (84) 


and the orthogonality is proved. By this same method we can prove the orthog- 
onality of the two-variable sine series and can even extend the proof to series of 
any number of independent variables. 

Some question may arise here as to the validity of representing one function 
by the product of two other functions, which is not possible in general. Actually 
by the operation A;,B;= Ayi=g(kAu, /Av) we arrive only at an approximation 
g(u,v)¢i(u)go(v) for a limited range of u and v. Direct substitution of equation 
(74) in equation (75) does lead to the same orthogonal results, although the 
details are laborious. Moreover, in carrying out this substitution the expressions 
for each coefficient are always separable into the product of two independent 
functions analogous to the method of proof we have followed (Lanczos, 1938-39). 


CONCLUSIONS 


Any problem which can be described by an ordinary or partial differential 
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equation with constant coefficients, or by a convolution integral, can also be 
analyzed from the filter theory point of view. Whether the independent variable 
is time or not is immaterial. The Fourier transform technique still reduces the 
differential and integral equations to algebraic frequency equations. Many of 
the operations performed on gravity and magnetic data are of this type and so 
lend themselves to frequency analysis. We may justifiably question whether 
filter theory is necessary, considering that we have done gravity and magnetic 
interpretation without it until now. Furthermore, avoiding approximations in the 
frequency domain eliminates the oftentimes tedious frequency transformation. 
On the other hand, in the synthesis of filtering operations the required frequency 
response and the frequency range of importance are oftentimes quite easy to 
specify. Conversely, finding a finite approximation to an infinitely long weighting 
function for a complicated operation such as convolution can be difficult. Filter 
theory is helpful in evaluating filter operations derived by other methods. For 
example, a second derivative set of coefficients may have a frequency response 
quite different from the ideal over the range of frequencies defined by the sam- 
pling interval of the survey. Moreover, when the coefficient set is reduced to 
profile sets along various radial lines, the frequency responses in these different 
directions may vary considerably from each other. Since the input-output equa- 
tions are simpler in frequency terms, more complicated filtering processes can be 
visualized. Thus the frequency approach facilitates more versatility in gravity 
and magnetic data processing schemes. 

We have discussed the digital approach using coefficient sets to a considerable 
extent. The orthogonal coefficient set formulae assign a coefficient to every point 
on a square grid within the prescribed area of the set. For the area coverage re- 
quired by most of the filtering operations we consider, this completeness of the 
orthogonal coefficient sets makes their use impractical for anything but large- 
scale digital computers and perhaps even a difficult problem for them. We must 
emphasize, however, that the use of the filter theory is not restricted to coefficient 
sets. We could, for example, perform all transformations between the space and 
frequency domains with smooth functions analytically. This step obviates the 
use of the orthogonal series relations. Then we can digitalize the approximate 
finite weighting function we have generated. We can even treat theoretical 
anomalies and filter responses in analytic terms to learn the effect of special 
operations. In this paper the problem of predicting the best step function we 
could get by a downward continuation coefficient set is a case in point. Fre- 
quency analysis will not be a panacea for all magnetic and gravity interpretation 
problems, but it should help to provide quantitative insight into these data 
processing operations and what we can reasonably expect of them. 
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RESPONSE OF DYKE TO OSCILLATING DIPOLE*t 
JAMES PAUL WESLEY} 


ABSTRACT 


A dyke of sulfide ore may be geophysically prospected by observing its electromagnetic response 
to a slowly oscillating magnetic dipole source. An excellent first approximation of the fields generated 
is obtained by considering the idealized case of a dyke of infinite conductivity and vanishing thickness 
in a vacuum. Surprisingly, this idealized problem can be solved exactly in terms of a newly discovered 
Green’s function for Laplace’s equation (in three dimensions) which is simply expressed in closed 
form. The magnetic scalar potential and the magnetic field are given for final results. 


INTRODUCTION 


Recent improvements in instrumentation make it possible to prospect geo- 
physically a dyke of sulfide ore of high electrical conductivity by observing the 
response of the dyke to a slowly oscillating magnetic dipole source. For low 
frequencies (10 to 1,000 cps) the effect of the earth in which the dyke is actually 
imbedded may be neglected and the earth replaced by a vacuum. When the dyke 
appears to be geometrically thin, which will always be the case for source and 
observer far from the dyke, we may approximate the dyke of sulfide ore by a 
dyke of infinite conductivity and vanishing thickness. 

Cylindrical coordinates are chosen as indicated in Figure 1, with the z-axis 
taken horizontally along the edge of the dyke, the dyke running from z—>— © 
to z+. The angle ¢, which may be realized in the actual space, varies be- 
tween —2/2 and 37/2. The radial distance from the edge of the dyke (the z-axis) 
is denoted by p. Cartesian coordinates are chosen with the x-axis horizontal and 
perpendicular to the dyke, and with the y-axis parallel to the dyke and vertical, 
the dyke extending from y=o to y>— &. 


FUNDAMENTAL EQUATIONS 


Maxwell’s equations for a vacuum and for time harmonic solutions with the 
time variation exp (—iw/), where w is the angular frequency, in rationalized mks 
units may be written according to Stratton (1941) in the form: 


V X E— iwnoH = o, Il. V-H=o0 


(1) 
Il. VX H+ = J, IV. V-E=0, 


where the symbols have their usual meaning. For the present very small fre- 
quencies we may take E=o; and Maxwell’s equations (1) reduce to 


Vx H= J, V-H=o. (2) 


* Manuscript received by Editor June 24, 1957. 
+ This work was done for Newmont Exploration Limited, Danbury, Connecticut. 
t Presently with the University of California Radiation Laboratory, Livermore, California. 
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Image Dipole Source Dipole 
( Po Pos Zo) ( P0120) 


Observer 


Fic. 1. Dyke of sulfide ore showing the choice of cylindrical coordinates with the z-axis taken 
along the edge of the dyke and perpendicular to the page. The vectors Ro=r—ro from source to 
observer and R, from image to observer are also indicated. 


The prescribed current distribution J for the present magnetic dipole source is 
J = VX mi(r — ro), (3) 


where 6(r—ro) is the Dirac delta function, r is the position vector of the observer, 
fo is the position vector of the source, and m is the magnetic dipole moment. 
Substituting equation (3) into the first of equations (2), we obtain, 


H = mi(r — 1) — Vy, (4) 
where y is the scalar magnetic potential which from the second of equations (2) 


satisfies Poisson’s equation, 
Vy = V-mi(r — (5) 


The boundary condition (Stratton, 1941, p. 37) requiring the normal com- 
ponent of the magnetic flux density to be continuous across a surface and the re- 
quirement that the magnetic field vanish inside the dyke of infinite conductivity, 
yields the pertinent boundary condition from equation (4), 

oy/dn =o for — 2/2, 3x/2, (6) 


where the derivative with respect to m means the normal derivative to the surface. 
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The problem is now to solve equations (5) and (6) for the geometry specified by 
Figure 1. 
GREEN’S THEOREM 


To solve equations (5) and (6) it is of interest to use Green’s theorem (Morse 


and Feshback, 1953) for y and a Green’s function specified by, 
= — 4ni(r — 
0G/dn =o for — 2/2, 3n/2. 


f ove — yV°G)dr’ = f Gavan — ydG/dn)da’ = o, (8) 
where the boundary conditions (6) and (7) have been used. Replacing the la- 


placian of y and G by the right hand member of equations (5) and (7), respec- 
tively, we obtain, 


ff (ete, — + = 0. (0) 


The first integral in equation (9) may be evaluated by noting that 


foe, — r0)dr’ = — vim r’)5(r’ — ro)dr’ 


(10) 
= — V°-mG(r, ro), 


where the superscript zero indicates differentiation with respect to the source 
coordinates. Integrating the second integral in equation (9) directly and using 
equation (10), we obtain the solution 


¥(r) = V°-mG(r, ro)/4n. (11) 


From equation (4), neglecting the case for which the source and observer are 
coinc‘dent, we have the desired magnetic field, 


H = — V[V°-mG(r, ro)/4r]. (12) 
GREEN’S FUNCTION 


The Green’s function! satisfying equations (7) may be written in closed form 
as the sum of a source term and an image term, 


G=G+G, (13) 

where 
Go = (4 + 2 go/Ro)/2Ro, 
G; = + 2 tan” 


1 The Green’s function which vanishes on the surfaces ¢= —2/2, 37/2, is given by G=Go—Gi. 


(14) 


— 
Thus, 
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where the values of the arctangent are always taken such that 
< go/Ro < < tan“! < 


and where 


= 2/ppo cos — ¢o), 
= 2v/ppo cos + — 37), 
2 = p? + po” — 2ppo cos (¢ — do) + (2 — 20)’, 
= p? + po? — 2ppo cos (@ + oo — 34) + (2 — 20)’. 


This new and particularly simple result, equations (13) through (16), may be 
derived by an involved direct analysis; it is better, however, to prove merely that 
this is the desired result.? 

It may be verified by direct substitution that Gp and G; separately and there- 
fore G satisfy Laplace’s equation. The boundary conditions appearing in equa- 
tions (7) may be seen to be satisfied by noting that 


Go = Go(cos + do)), 


(17) 
= Go(cos 3(¢ + — 37)); 


‘ 


and 


+ 8G/dn = = — 3{sin — oo) + sin 4(@ + oo — Go’ = 0 (18) 
I 
for ¢ = — 2/2, 3x/2. 


To prove that G satisfies the inhomogeneous part of the first of equations (7), we 
need only demonstrate that G varies as 1/Rp in the neighborhood of the source. 
Since go~2p according to the first of equations (16) and Ry~o, we find from the 
first of equations (14) that Gy~1/ Ry as Ro—o. And since R, remains finite, G does, 
in fact, vary as 1/Rp in the neighborhood of the source as it should. Finally, we 
note that the behavior at infinity is proper. As Ry and therefore R; go to infinity 
we have Go~1/2Ry and G;~1/2R; from equations (14). Since Ri~ Ro, we have 
G~w1/2Ro+1/2Ri~1/Ro, as it should. 

It is of interest to note that the image function G;, equation (14), remains 
finite even when the point of observation is coincident with the image point 
This may be regarded as arising from the fact that the image is actually at the 
virtual point ¢=34—@po and is, therefore, not present in the real space where 
30/2. 


? An interesting derivation of the present results has been obtained as a special case of the tran- 
sient problem of a dipole established step-wise in time by J. R. Wait (1957) who had the present 
material by private communication. 
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MAGNETIC POTENTIAL 


To compute the scalar magnetic potential we first write it as the sum of a 
source term and an image term as given by equations (11) and (13), 


Yo V1, (19) 
where 
Yo = V°- mGo/4z, = V°-mG,/4r. (20) 
Substituting the expressions for Gp and G; as given by equation (14), (15), and 
(16) into equations (20), we obtain, 
Yo = [w+ 2 go/Ro + + V%go, 
vi = [w+ 2tan gi/Ri + + Vg), 
where 
X? = (p + po)? + (z — 20)? = Ror + £0" = R’?+ gi’. (22) 


The derivatives appearing in equations (21) may be evaluated. In cartesian com- 
ponents we have 
V°go = (hoes — g1€y)/2po, 
V°g: = (Inez — goey)/2po, 


(23) 


where e,, ey are unit vectors, go and g; are given by the first two equations (16) 


and where 
ho = 2v/ppo cos 3(¢ + go), 


hy = 2/ppo cos 3(¢ — — 37); 


(24) 


V% 1/Ro) = Ro/ Ro’, 
V°% = — 2(% 4+- xo)er/R1', 
where the last two equations may be verified by noting that 
Ry? = (x — x0)? + (y — yo)? + (2 — 20)?, (26) 
Ri? = (x + x0)? + (y — yo)? + (2 — 20)’. 
MAGNETIC FIELD 


From equations (4) and (19), neglecting the case of coincident source and 
observer, we may write the magnetic field as the sum of a source term and an 


image term, 
H=H,+H, (27) 
where 
Hy = — Vyo, (28) 
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Substituting equations (21) through (25) into equations (28), we obtain 
Hy = [3m-RoRy — mR,’][x + 2 tan ~! go/Ro + 

+ Rom-[goRo + Ro? (29) 

— m-[Ro — — V[m- 

[3(m-Ri — 2(x + — mR, + 

+ 2 gi/Ri + 

+ Rum-[gi(Ri — 2(« + + (30) 

— m-[R, — 2(x + — gi 

— 


A, 


where Ry and R, are defined by equation (16) or (26) and are shown in Figure 1, 
go and g, are defined by equations (16), V°go and V°g; are given by equations (23) 
and (24), the arctangents are confined to the range from —x/2 to +72/2, X? is 
given by equation (22), 


= (hoez giey)/2p, 


(31) 


= — (hez + goey)/2p, 


where jp and /; are given by equations (24), and where 


V[m.- V°go| = [—Me. go(mzez + myey) |/4ppo, 
V[m-V°g,] = [hoes X (m — + + m,ey) |/4ppo. 


(32) 


CONCLUSIONS 


The idealized problem of the electromagnetic response of a dyke of infinite 
conductivity and vanishing thickness to a slowly oscillating magnetic dipole can, 
surprisingly, be solved exactly in a simple closed form, equations (29) through 
(32). This result represents quite adequately the response of a dyke of large 
conductivity and small geometrical width. If the actual conductivity and width 
need to be known for purposes of identification of the ore and to estimate the 
size of the deposit, then it is necessary to refine the solution by approximate 
methods to be presented in a subsequent paper. 
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RESPONSE OF THIN DYKE TO OSCILLATING DIPOLE*t 


JAMES PAUL WESLEY{ 


ABSTRACT 


A dyke of sulfide ore may be geophysically prospected by observing its response to a slowly 
oscillating magnetic dipole source. To a first approximation the field produced by a thin dyke is given 
by a dyke of infinite conductivity and vanishing thickness in a vacuum (Wesley, 1958, GEOPHYSICS, 
Vv. 23, p. 128). In order to identify the ore and to estimate the size of the deposit, it is necessary to 
consider further approximations involving the conductivity and thickness of the dyke. By a type of 
analytical continuation an approximation is found which agrees both with the exact solution for a 
dyke of infinite conductivity and vanishing thickness and with the exact solution (approximated only 
for wo large and also for wa small) for an infinite slab of finite conductivity and nonvanishing thickness, 
the dyke appearing as an infinite slab when both source and observer are near the dyke but far re- 
moved from the edge. The solution is very good provided the dyke is geometrically thin. 


INTRODUCTION 


This paper is a continuation of the article by Wesley (1958) to include the 
case of the response of a dyke of finite conductivity and nonvanishing thickness 
to a slowly oscillating magnetic dipole source. Coordinates and symbols used 
here are identical to those used in that article and need no further clarification 
here. 

The approximate solution obtained is a type of analytical continuation from 
two exact solutions. In particular, the solution is in the form of a Green’s function 
which reduces to the exact solution for a dyke of infinite conductivity and vanish- 
ing thickness when the conductivity is allowed to be infinite and the thickness 
zero (such that of—>«, where ¢ is the thickness and o the conductivity of the 
dyke) and which reduces to the exact solution for the case of an infinite slab of 
finite conductivity and nonvanishing thickness (approximated only for wo large 
and for wo small) when both source and observer are near the dyke but far re- 
moved from the edge. 

The solution of the problem of the response of an infinite slab to a slowly 
oscillating magnetic dipole source is presented here with only a very brief ex- 
planation, since the problem has been solved elsewhere and the techniques are 
well known, even if they are involved (Wait, 1951). 

The approximate magnetic field components in a form useful for computation 
are not presented because of their length and the fact that they may be obtained 
by simple differentiations of the Green’s functions, Fo/R»o and F/R, as defined 
by equations (22) of this article. 


RESPONSE OF SLAB TO OSCILLATING DIPOLE 
Since this problem of the response of an infinite slab of finite conductivity 


* Manuscript received by Editor August 12, 1957. 
+ This work was done for Newmont Exploration Limited, Danbury, Connecticut. 
t Presently with University of California Radiation Laboratory, Livermore, California. 
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and nonvanishing thickness to an oscillating magnetic dipole source may be 
solved exactly in integral form by standard techniques first used by Sommerfeld 


(1909), only the briefest outline is given here. 


Introduction 

Coordinates compatible with the dyke problem are obtained by choosing the 
x-axis perpendicular to the slab, the Y(=y—yo) axis vertical and in the plane of 
the slab, and the Z(=s—2») axis horizontal and in the plane of the slab. The slab 
of finite conductivity, ¢, and of nonvanishing thickness, ¢, is then defined by the 
infinite plane faces x= —t/2 and x=++¢/2. The source dipole is taken on the 
x-axis at x=2X9 where x»>//2. In addition to cartesian coordinates, we define 
cylindrical coordinates, 7, 6, x, such that 


r= V¥4+2Z, tan’ (2/7). (1) 


Using a magnetic Hertz vector, I, Maxwell’s equations (Stratton, 1941, p. 29) 
yield 


= — mé(Ro), 
H= k11-+ VV Il 
E = wuV XT, 


where the propagation constant & is given by 


k? = + (3) 


The three regions under consideration are indicated by the subscript 1 for 
the slab (—//2<x<t/2), the subscript 2 for the region containing the source 
(x>t/2), and the subscript 3 for the region on the other side of the slab 
(x<—t/2). Neglecting terms of order w’, in region 1, the slab, we choose k;=k, 
o1=0, and And in regions 2 and 3, the vacuum, we have ko, ks =0; 
02, 03=0} Ms=Mo; ANd €, €;=€. The propagation constant of interest for the 


slab is then 


k? = iwpoo. (4) 


By virtue of the cylindrical symmetry about the x-axis, only the case of a 
magnetic dipole in the x direction and the case of a magnetic dipole in the y direc- 
tion need be treated, the general solution being the appropriate linear combina- 
tion of these two cases. 


Integral Solution with x Dipole 


From equations (2), the appropriate boundary conditions (Stratton, 1941, 
p. 37) and the standard techniques first used by Sommerfeld (1909), we obtain 


3 
(2) 
7 
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the desired exact solution in integral form, 


m: 
ize = 2— ANAT o(Ar) sinh y(x + t/2) + y cosh y(« + t/2)}/K, 


47/0 


| f ddI o(Ar) + sinh yt (5) 
47/0 


47/0 
where 
K = (2d? — k*) sinh yf + cosh 
and 
y= PR, (7) 


the phase being chosen as zero for A> and arg | —ik} for \=o. The first letter 
subscript on the II’s in equations (5) refers to the direction of the source dipole; 
the second subscript refers to the particular component of the Hertz II vector, 
only the x component being necessary to satisfy the boundary conditions in the 
present case. 


Integral Solution with y Dipole 


Since symmetry about the x-axis does not exist for the present case both an x 
and y component of the Hertz vector are required. Following the standard tech- 
niques as in the last section we obtain, 

my 


= 2 — cos f ANT cosh y(x + 
4r Ord 


+ sinh + t/2)}/K, 


m 0 
= 2 — cos 0 | ycosh yt + d sinh yt}/K, (8) 
47 Ord o 
My 0 
= 2 — cos 0 ddyJ es /K, 
47 or 0 


My ( I 4 

vy ax R’ 

all other components vanishing, where as before Ro is the distance from source 


to observer and R’ is the distance from the image (as mirrored in the front surface 
of the slab, x=¢/2) to the observer, 


R!? = (x + x9 — t)? + Y? + (9) 


: 
: 
i 
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Green’s Function for Slab 


In order to generate the approximate solution for the thin dyke problems 
it is necessary to express the solution in the vacuum on either side of the slab 
(but not, of course, inside the slab) in terms of a Green’s function. In particular, 
from equations (2) setting k=o, since k2, k;=0, G, is defined by 


H = VV-ll = — VV°-mG,/4r. (10) 


Thus, the appropriate solution of Laplace’s equation which is symmetrical in 
source and observer coordinates is 


G, = 1/Ro — u(x — + u(x + (11) 


where 


Io o(Ar) Ao(A)e 
0 


, (12) 
o(Ar) A (A) F701 , 
0 


Ao 
A; 


1 — 
— sinh yt e'/K, 


(13) 


where K is defined by equation (6). The function u(x—.xo) is unity for source 
and observer on opposite sides of the slab but zero if they are on the same side; 
and, conversely, u(x+2 9) is unity for source and observer on the same side of 
the slab but zero if they are on opposite sides. If we let to, we may write, 


x Xo | 

(14) 


u(x — xX) = 


u(x + x) = 


It should be noted that the solution as given by equation (11) has been extended 
to include the case of the source on the negative x-axis, x»< —i/2, as well as on 
the positive x-axis, xy>¢/2. 

This result, equations (11) through (13), may be checked by noting that for 
a—o, ko, K—>2)? exp (AZ), and (Watson, 1948, p. 384) 


f ddI = 1/Ro, (15) 
0 


we obtain the free space Green’s function, G,=1/R», as we should. Also for 


137 
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o— we obtain the correct solution 
G, = 1/Ro + u(x + x0)/R’, (16) 


where R’ is the distance from the image (as mirrored in the slab face nearest the 
source) to the observer, e.g., equation (9). 


Approximate Evaluation of the Integrals 


We have obtained an exact solution for the magnetic field in the vacuum 
on either side of the slab in terms of a single scalar Green’s function, equation 
(11). But this simple exact solution cannot, unfortunately, be regarded as the 
final solution, since the very difficult task of evaluating the integrals has yet to 
be done. Here we are content to consider two simple cases, & Jarge and & small, 
i.e., wo large and wo small, in order to generate two approximate evaluations of 
the integrals 7) and J;, equations (12). 

Approximation of Integrals for Large k.—For large k most of the contribution 
to the integrals occurs in the region for which \<| k| ; and so, we expand Ao and 
A; in power series in \, substitute these series into 7) and J;, and integrate term 
by term to obtain a series approximation of the integrals. Expanding Ao and Ai, 
equations (13), (6) and (7), in a power series in \ taking due care of the phase of 
, we have, to three terms, 


Ay 1+ 2(A/k) csc kt + 2(d/k)* csc 2 cot kt + Re], 
A, 1+ (A/k)[2 cot kt + kt] + (A/k)?[4 cot? kt + cot kt + 2+ (ke) 


Substituting cquations (17) into equations (12) and integrating according to 
equation (15), we obtain the desired series approximations of the integrals to 
three terms, 


I 2 csc kit 


—+- 2cot ki + kt 
k Ro a| x — x9/? 


I 2 cot kt + ki fe] I 


R, k Ri 


I 


a] aol? Ri 


+ = [4 + 8 cot? kt + 4kt cot kt + (kt)?] 
2 


where Ry and R, are the object and image distances, respectively, as defined in 
the paper by Wesley (1958). 

Approximation of Integrals for Small k—For small k most of the contribution 
comes from the saddle point y=o (which may be examined in greater detail in 
the complex u plane defined by \=& sin u). Thus, we expand Ao and A; in power 
series in y, substitute in the integrals, and integrate term by term to obtain 
a series approximation of the integrals for & small. Expanding Ao and A, equa- 


: 

4 

> 

7) 

92 
I 2C I 

Ro Ro 
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tions (13), (6), and (7) in power series in y we have to two terms 


2+ kt} (2+ ki)? 
(19) 
[x + ki + + (kt)?/3] 
Ay t+ 5(kt)?/¢ t)3/3], 
2+ht  k(2+ ki)? 


where the series continue in powers of y’ and not y. Substituting equation (19) 
into equations (12) and integrating according to equation (15), we obtain the 
desired series approximation of the integrals to two terms 


I kte*! 
~ | 1 - ———|— + [1 + ki 
2+ ktiRo (2+ kt)? 


+ | | 
t)?/3)| ——————- - 1 


— + kt + 5(kl)?/6 


(20) 


Ri 


+ 


| Xo 2 


REQUIREMENTS FOR SOLUTION OF THIN DYKE PROBLEM 


An excellent approximation of the response of a dyke of finite conductivity 
and nonvanishing thickness to a slowly oscillating magnetic dipole source may 
be obtained by satisfying the following requirements: 

1. The solution should be in the form of a Green’s function, according to 
equation (10); that is, it must be a solution of Laplace’s equation, symmetrical 
in source and observer coordinates, and with the proper behavior when the 
observer is near the source. 

2. When the conductivity is allowed to become infinite, the thickness going 
to zero such that fy/wuor/2— ©, the solution should reduce to the exact Green’s 
function obtained for the case of a dyke of infinite conductivity and vanishing 
thickness as given by Wesley, (1958). 

3. When the source and observer are both near the dyke but far removed 
from the edge, the solution should be given by the approximate Green’s function 
for the slab problem, equations (11) and (18) or by equations (11) and (20), 
whichever is appropriate. 

4. When the conductivity is taken as finite and the thickness allowed to 
vanish, the solution should reduce to the free-space Green’s function. 

5. When the thickness is kept nonvanishing and the conductivity is allowed 
to go to zero, the solution should reduce to the free-space Green’s function. 
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COMPARISON OF SLAB AND DYKE PROBLEMS 


When the exact Green’s function (Wesley, 1958) solution for the response 
of a dyke of infinite conductivity and vanishing thickness to a slowly oscillating 
magnetic dipole, Ga, is written, 


Ga = 1/Ro — Fo/Ro + Fi/R,, (21) 
where 
= — 2 tan! (go/Ro), 
= 2 tan“ (g:/Ri), 


where as before 


£0 = 2V/ppo cos — 
£1 = 2V/ppo cos + bo — 37), 


it is found that for both source and observer near the dyke but far removed from 
the edge that 


(23) 


Fy = u(x — for t= 0, 


Fy u(x + 2x9) for (24) 


where u(x—29) and u(x+. ) are defined by equations (14) and the preceding 
discussion. Substituting equations (24) into (21) and comparing with the slab 
problem equations (11) and (18) for the case co, we not only find agreement 
but are, in addition, led to attempt an approximation for the thin dyke by 
making the replacements 


u(x — by Fo/Ro, 
by F,/R,, 


in the approximate expressions (11) and (18) or (20) for the slab problem. 

It is immediately seen, however, that the derivatives with respect to | x—xo| 
and |a+xo| that occur in equations (18) and (20) would no longer be possible 
since F,/Ry and F,/R, are not functions of |«—«o| and |«+ao| but are, in- 
stead, functions of x and xo separately. We are led to the satisfactory replacement 
of these derivatives by requiring symmetry between source and observer co- 
ordinates as is required of any Green’s function. Thus, the mth derivative is 


replaced as follows, 
2” | xo | Ox 


b 
2" |x + xo| Ox OXo 


= 

si 
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0 

(26) 

o” I F, 

uz + — 

a| x Xo |» Ry R, 
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where the operators on the right are identical to those on the left when the re- 
placements (25) are made. 


SOLUTION OF THIN DYKE PROBLEM 


The approximate solution for the response of a dyke of finite conductivity an 
nonvanishing thickness to a slowly oscillating magnetic dipole is now obtained 
by making the replacements (26) in equations (11) and (18) or (20), to yield 
the Green’s function, 


Gia = 1/Ro — Qo + V1, (27) 


where for large & to three terms 


j csc ki x — Xo 
k Ze Ox 
csc ki 


‘ 0 0 Fy 
+ —— [2 cot + ( ) 


4 2cotki+ ki 
2k | + X%|\Ox OXo/ 


(28) 


+ — [4+ 8cot? kt + 4ki cot kt + le - 
Sk? Ox 


or for small & to two terms 


1+ kt + (kt)? 
\ 2+ ki (#1)*/3] 
| I (: Fo 
4k?\Ox Axo Ro 
hie®* ( 1+ kt + 5(kt)?/6 + (kt)*/3 
2 + kt 2 + kt 


F: 
4k?\ex = Xo R, 
where Fy and F, are defined by equations (22) and & the propagation constant 
is given by equation (4). The magnetic field may be obtained by substituting 
Gra, equation (27), for G, in equation (10). 

Since k is complex and instrumentally it is easy to distinguish an “‘in-phase’”’ 
component of the magnetic field, Re {H}, from an “out-of-phase” component 
of the magnetic field, Im {H}, it is useful to distinguish an “in-phase” Green’s 
function, Re {G}, from an “out-of-phase” Green’s function, Im {G}. 


4 
) 
|| 
2) Fy 
R, 
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Defining an electrical thickness, 


= 1/5 = (30) 
where 6 is the skin depth, we have 
kt = (1 + ide. (31) 
We now consider two cases, one for — very large and one for € very small. 


In-Phase Green’s Function for — Very Large 


Substituting equation (31) into equations (27) and (28), letting become very 
large, and taking the real part of the resulting Green’s function, we have, 


Gi} ~ 1/Ro — Fo/Ro + Fi/Ri 
+ Xo 0 0 
Ox 


I 
2 |x + xo! 


+— 2 2) 2 
— — 2/8) - —- 
8 Ox R, 
Out-of-Phase Green’s Function for — Very Large 


Taking the imaginary part of the equation which led to equation (32) we 
have 


Im {Gu} ~ os 

(| a+ xo| 2 Ox Ox Ox Axo/ Ry 
In-Phase Green’s Function for & Very Small 


Substituting equation (31) into equations (27) and (29), expanding the 
coefficients in powers of £, and taking the real part of the resulting Green’s 
function, we have to the third power in é, 


Re {Gia} ~ 1/Ro + 3&(1 — &/6)Fo/Ro — 3&(1 — &/2)Fi/Ri. (34) 


where only the first term has been preserved. The series obtained, equations 
(29), is actually asymptotic; and, thus, for {0 the second and subsequent terms 
must be dropped because they become infinite. 


Out-of-Phase Green’s Function for & Very Small 


Taking the imaginary part of the equation which led to equation (34) we 
have 


Im {Gi} ~ 3&(1 + + Fo/Ro — + + 38) Fi/Ri. (35) 
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CONCLUSION 


We may readily verify that our solution as given by equations (27) and 
(28) or (29) (or as further approximated by equations (32), (33), (34), and (35)) 
does yield the desirable characteristics as listed under the section ‘‘Requirements 
for Solution of Thin Dyke Problem” when the appropriate expressions are 
used. It may be noted, when the conductivity becomes infinite, the electrical 
thickness becoming infinite, that equation (32) which still involves ¢ reduces to 
the slab problem, equation (16) with R’ expanded in a power series in #, for 
source and observer near the dyke but far removed from the edge. Because of 
the large conductivity of sulfide ore, equations (32) and (33) probably represent 
the most practical results. 
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DISCUSSIONS ON 
“A THEORETICAL STUDY OF INDUCED 
ELECTRICAL POLARIZATION’* 

Epitor’s Note: The series of discussions on the subject paper (Frische and von Buttlar, 1957) 
reaches agreement that a contribution has been made by Dr. Wait’s suggested experimental method 
for measuring the induced polarization ratio A@/ V of a two-layer flat earth containing an aquifer. There 
is disagreement on the value of the “dielectric constant” of the aquifer as to whether its magnitude 


is of the order of unity or of 10°. Experimental evidence is cited in support of each position. 
It is hoped that these discussions may serve to stimulate additional experimental investigations. 


FIRST DISCUSSIONT 
JAMES R. waitt 


The analysis in the quoted paper is an attempt to calculate the induced 
polarization response of a two-layer flat earth. The upper layer is a homogeneous 
overburden of thickness /# with a resistivity p: and a dielectric constant of «. 
The lower (semi-infinite) medium which is the “aquifer” has a resistivity p: and 
dielectric constant €. The value of the relaxation voltage as seen at the potential 
electrodes “immediately after’ the current is shut off is designated Ad. The A’s! 
of the above paper present a method for calculating the ratio A¢/V where V is 
the steady voltage across the potential electrodes during the time of current flow. 

Specific comments concerning the paper are as follows: 

(1) p. 690. The potential dp due to the polarization of the elementary volume 
dr, at distance r, is given by the A’s as 


= 
| P| cosé 


T 


do 
47er? 
where P is the polarization vector, @ is the angle between the direction of the 
dipole moment vector and the position vector 7. Such an equation is only valid 
in a homogeneous lossless medium of dielectric constant e for nonvarying fields. 
Neither of these conditions is satisfied in the A’s application of this equation. 
The A’s then claim that A¢ is simply obtained by integrating dd over the 
volume of the aquifer. Such an assumption is obviously not valid since the volume 
elements are not independent of one another. 
(2) p. 691. The proof given by the A’s that the current distribution in the 
aquifer is independent of polarization is misleading. The equation for the normal 
current density should be, actually, 


(1) 


After the current has been flowing for a sufficiently long time (> 60 secs. say), 


* Frische and von Buttlar, 1957. 

+ Manuscript received by the Editor, August 15, 1957. 

t 350 30th Street, Boulder, Colorado. 

1 A’s will be used as an abbreviation for the authors, namely, Mr. Frische and Dr. von Buttlar. 
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the term containing 0/0 can be dropped, and, of course, we then have the usual 
condition for direct current in a two-layer ground, and the standard methods 
are applicable. To say that the current is independent of polarization, however, 
is not correct since the effective conductivity is a function of the polarization 
properties of the aquifer. 

(3) p. 693. The image sources introduced by the authors will only satisfy the 
boundary conditions during the time of steady current (static regime). At the 
moment the current is interrupted, the polarization field as calculated by the 
authors does not satisfy the appropriate conditions at the interfaces between the 
media. 

In view of the above remarks, the validity of the A’s analysis might be ques- 
tioned. The following alternative approach is presented which has a logical physi- 
cal basis. Furthermore, the necessity for any complicated volume integrations 
are circumvented by making use of existing and rigorous formulas borrowed from 
resistivity analysis. 

The starting point is to take the Laplace Transform of equation (1) above, 
to give” 

IAs) = — + 50) (2) 


~ 


Js) = f J 
0 
it being assumed that J,(/) =o for ‘<o. Similarly 
¥(s) = f 
0 


The inversion of the preceding equation is 


v(t) = ds 


and therefore 


ico 
J{t)=—- (oa + se) e*tds. 


_in 


It is thus clear that the transient problem is most easily solved by transform- 
ing it to the complex frequency regime. The boundary value problem of the two- 
layer earth is now readily solved since layer (1) and layer (2) are simply specified 


2 ¢ and ¢ are functions of s since they are not constants in the time domain. 


where 
(5) 
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to have complex resistivities p:(s) and p2(s), respectively, whence 


I 
s) -=———-_ and 


A step-function current pulse /(/) is now applied to the first current electrode 
(So in the A’s Fig. 1), that is 
I(t) = Iqu(t) 
where 
1 forx>o 


o for x <o 


and consequently 
I(s) = Ip/s. 


The transform of the potential, ¥(s), at some point a distance a from Sp on the 
surface of the two layer ground is thus given by 


(7) 


—1 p(s) pi(s) 2 
G(a, s) = pi(s) {0 +2 [a? + (2nh)?] 


n=1 


The transform of the voltage between the two potential electrodes of a Wenner 
array of spacing a resulting from the current /(¢) in the current electrodes, is 
obtained by a simple superposition of the function y¥(s) to give 

IoW(s) 


V(s) = 
2ms 


W(s) = 2G(a, s) — 2G(z2a, s). 


The voltage v(/) is now obtained from the inversion 
v(t) = — V(s)e*'ds. 


The initial value theorem for Laplace Transforms leads to 


v(o) = Lim sV(s) = ———— 


20 


i 
| 
IG(a, s) 
ar = ——— 
a 
where 
(9) 
¢ 
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and the corresponding final value theorem leads to 
Ip)W(o) 


v(o) = Lim sV(s) = 
s—0 


In other words, the initial and final values of the step-function response are 
related to the infinite and zero frequency responses respectively. 

In the case of an interrupted steady current J, the initial value which is 
designated A¢ by the A’s is 0(©)—v(0) and the A’s voltage V is simply 0(@). 
Therefore 


— v(0) W(o) — W(~) 
V oo) W(o) 


It is permissible to write 
Pa(S) 


W(s) = 


where p,(s) is defined as a complex apparent resistivity, therefore 
Ag pa(0) — 
PaO) 


The induced-polarized response is thus defined in terms of the limiting low fre- 
quency value p.(o) of the apparent resistivity and the limiting high frequency 
value pa(). pa(o) and p,() can be computed directly from the usual two-layer 
resistivity charts from the specified limiting values of p:(o) and p:() for the 
upper layer and p2(o) and p2() for the lower layer. These pairs of values are 
related to the induced polarization responses of the material in layer (1) and 
layer (2). That is . 


AG) _ — 
pi(0) 


p2(0) pol 


The foregoing analysis tacitly neglects all electromagnetic propagation effects. 
For example at the instant the current is interrupted, the fields are not solutions 
of Laplace’s equation. Actually Ag¢/V is unity at ¢=o since the field takes a finite 
time to decay from V to Ag. However, if by ‘=o we mean some small time 
where propagation effects have vanished, then A¢ is physically significant. Corre- 
spondingly, pa() is taken to be the resistivity at some high but finite frequency 
where it tends to approach a substantially constant value. 
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The foregoing brief discussion is not claimed to be comprehensive. The phe- 
nomena of induced polarization is very complicated as pointed out by the A’s. 
Starting from the fact that the complex resistivity is a function of frequency, 
however, deductions concerning the transient responses can be computed for a 
variety of situations. 


AUTHORS’ FIRST REPLY$ 
RICHARD H. FRISCHE|| AND HARO VON BUTTLAR|| 


Dr. James R. Wait* invited us to comment on his discussion of our paper in 
the July, 1957, issue of Geopuysics. We are grateful for this opportunity, since a 
clarification of some basic concepts appears necessary. 

The first part of W.’s discussion is based on the assumption that the ‘‘dielec- 
tric constant” of an aquifer is of the order of 10°, as suggested by the work of 
Evjen (1948) and Keller and Licastro (1955), so that the quantity ew/o becomes 
of the order of a few percent. As pointed out, however, in our article (Frische 
and von Buttlar, 1957, p. 705-706), this value is obtained from an interpretation 
of data pertaining to the relaxation of the charge in the ground and does not 
hold for the charging-up process. In the latter, dielectric-constant values close 
to unity have to be used (p. 705). Values of 10° for the dielectric constant lead 
to induced-polarization responses completely incompatible with the experimental 
data. 

If current is supplied by exciting the ground with a step-function potential, 
the current reaches its equilibrium value within a few milliseconds and not after 
about 60 secs., as used by W. to demonstrate a large value of «. When the current 
is turned off, the elementary dipoles in the aquifer will remain in position and 
only slowly decay to zero, owing to ionic diffusion on and between the clay 
particles. The relaxation mechanism is not understood completely as yet. Cer- 
tainly, however, an exponential law involving o and e does not hold; the relaxa- 
tion proceeds more in a hyperbolic fashion, as expected for diffusion (Vacquier 
et al., 1957). 

The elementary dipoles created in the aquifer can be represented only ap- 
proximately, of course, by a volume polarization, since the sand and clay particles 
have macroscopic size. In view, however, of the length of the distances a and r, 
the use of the equation 


and of an integration procedure based on the law of superposition of potentials 


§ Manuscript received by the Editor September 13, 1957. 
|| New Mexico Institute of Mining and Technology, Socorro, New Mexico. 
3 “W.” will be used as an abbreviation for Dr. Wait. 


: 
| P| cosé 
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appears justified. Any interaction between the dipoles in the aquifer must be 
small and would not alter our equation (18) (p. 695). 

Since our experimental value for the “dielectric constant”’ of the aquifer is 
not very different from unity, we have neglected this difference in using our 
equation (24) (p. 696), thus treating the aquifer and overburden system, after 
the polarization has been created, as a homogeneous medium having a permit- 


tivity close to €. 

In view of these considerations, the objections raised by W. concerning our 
article do not seem very serious. His calculation of the relation between the in- 
duced-polarization effect and the resistivity responses at different frequencies, 
on the other hand, deserves attention. He suggests an extension of the calculation, 
yielding a different experimental method for measuring the induced polarization 
ratio A¢/V, even though it does not become clear from his paper what value 
should be employed for the “dielectric constant.” Also, W.’s study does not sup- 
ply new information as to the polarization mechanism. It will be interesting to 
see whether his determinations of this ratio compare with the experimental data 


as well as ours. 


SECOND DISCUSSION * 


JAMES R. WAITT 


It appears that the A’s do not agree with my comments. It might help to 
clarify my position if a more specific example is considered. 

Contrary to the A’s assertion, the charging up and the relaxation processes 
are identical for a linear medium. By a linear medium we mean one in which 
the induced polarization is essentially independent of voltage gradient. Such is 
the case as indicated in Figure 3 in the paper by Vacquier et al. (1957). As a 
consequence of this, the induced polarization decay curves after the interruption 
of a long current pulse (i.e., 120 secs.), have the same functional form as the 
build up of the voltage at the potential electrodes on the application of the cur- 
rent. The verification of this hypothesis is obtained by noting that the three of 
the decay curves in the paper by Vacquier et al. (p. 664, Fig. 2), can be de- 
duced from the fourth. The decay curve (/) for the 120-second excitation time 
can be assumed to be nearly representative of the step-function response of the 
medium. The corresponding decay curve for an excitation time of 4 secs. is 


then given simply by 


v(t) — + fort > o. 


The first term is the response due to a negative step-function current at /=o, 


* Manuscript received by the Editor September 23, 1957. 
Tt 350 30th Street, Boulder, Colorado. 
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and the second term is the response due to the positive step at ‘= —-4. The curves 
by Vacquier et al. are replotted in Figure 1 along with the three derived curves. 
The agreement is good. The small discrepancies can probably be attributed to 
either experimental error or the fact that an excitation time of 120 secs. is not 
long enough to regard it as infinite. In any case, it is clear that the response of a 
finite current pulse is simply the superposition of the build-up response from the 
leading edge and decay due to the trailing edge of the pulse. 


INDUCED POLARIZATION RESPONSE 


20-30 MESH SAND TREATED WITH 3% MONTMORILLONITE 
SLURRY, 147 OHM METER NaCl. 


FROM VACQUIER'S DATA 
CALCULATED 


(EXCITATION TIME SHOWN ON CURVES). 


8 9 10 
Time in Seconds 


Fic. 1. Calculation of Vacquier’s curves on the assumption that the decay curve jor the 120 
second excitation time is nearly representative of the step-function response of the medium. 


It will now be shown that the decay curves of Vacquier et al., do indeed 
imply that the relative dielectric constants are very large and not essentially 
unity as contended by the A’s. The analysis given in my earlier discussion did 
not specify any functional form for the variation of o and e with frequency. 
The A’s objected that my results were only valid for constant values of o and e. 
This is not so. However, for the sake of convenience in what follows the induced- 
polarization decay curve after the interruption of a long current pulse (i.e.>60 
secs.), can be written 

v(t) 


1—a— Blogt 


for a wide range of times /. This is indicated in Figure 1 where the abscissa is pro- 
portional to the logarithm of time and the ordinate is linear. This is a good ap- 
proximation for the behavior of the decay curves at times from a few milliseconds 
to not greater than about 30 secs. The build up A(¢) of the pulse then has the 


2 
0.05 — 
| | 
| | 
004 
| 
} 
v(t) Ss 
Vv 
> 
> | 
=> 
> 
002 120 SEC. 
| > 
05 
~ 
= ~ 
a Ss 
== 
2 3 4 5 20 0 40 
; 
he 
a 


DISCUSSIONS ON INDUCED POLARIZATION 


a+ Blogt 


noting that A(t) = 

Now it is well known that transient response A (/) of a linear system specifies 
the frequency characteristics. In the present case, the transfer impedance Z(w) 
between the voltage and current electrodes is related to A(t) by 


Ze) Tr. 
I(w) -[f A(tje 


where J(w) is the steady state current at an angular frequency w. This leads to 


Z(w) 
—  =a-—0.577B — Blogw—i— B 
R 2 


where R is the transfer resistance (i.e., R= Z(o)) and is a real quantity. 

This result is most interesting because it indicates that for a near-linear de- 
pendence of A(t) [or v(¢)] with log ¢, the phase angle of the impedance is essen- 
tially a constant. For a homogeneous sample, 


Z(w) varies as ; 
o 


Z(w)| =R it follows that to a first order 


2 


Over the frequency range of interest (0.1 c/s to 1,000 c/s), this implies that the 
dielectric constant € varies as the reciprocal of the frequency. 
To calculate (ew/c) from the experimental data Figure 1, we use the equation 


and since 


2V log (t2/t1) 


or if for convenience 
= 2 Secs. 


= 20 secs. 


we have 


I5t 
form 
f 
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Using the data for the 120 secs. excitation we find 


€W 
— 0.0184. 
o 


For a frequency of 10 c/s and a conductivity of 10-? mhos/meter this yields 
= 3.3 X 105 


for the dielectric constant relative to free space. Values of this order have been 
measured by Dr. George Keller of the Geological Survey and were quoted by 
the A’s. 

The A’s have not answered my main objection to their method of calculating 
Ag which simply superimposes potentials of adjacent volume elements.‘ Further- 
more their basic potential equation is only valid in a dielectric medium where the 
conduction currents are negligible. Actually the denominator is more like 4xor? 


rather than 4mer? and | P| should be the current-moment of the equivalent dipole. 

The A’s agreement between theory and experiment is more apparent than 
real since ‘‘the scale of the ordinates of the experimental curves was adjusted to 
fit the theoretical curves.’’ Furthermore, the A’s do not explain any of the tem- 
poral behavior of the decay curves. The fact that the A’s compute a value of 
the relative dielectric constant near unity is a further indication that their initial 
hypothesis and formulation is questionable. 

It is admitted that the physical nature of induced polarization is only par- 
tially understood. Nevertheless, since the phenomenon is linear, then, in a macro- 
scopic sense, the medium can be described electrically in terms of a frequency 
dependent dielectric constant and conductivity. Or more conveniently, it may be 
desirable to lump these together into a complex resistivity given by 


I 
p(s) = Ts 


in the Laplace-Transform notation. In most cases s can be replaced by iw. The 
formulas of resistivity analysis then can be generalized to alternating current by 
simply admitting the appropriate complex values of the various resistivity factors 
involved. Using this approach the complicated volume integrations used by the 
A’s are avoided and no assumption need be made about the non-interaction of 
volume elements in the polarizable layers. 

I should like to take this opportunity to thank my colleagues A. A. Brant, 
H. O. Siegel, and L. S. Collett for many stimulating discussions on this subject. 


4 Ag is equivalent to x(t) as to. 
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DISCUSSIONS ON INDUCED POLARIZATION 


AUTHORS’ SECOND REPLY* 


RICHARD H. FRISCHEt AND HARO VON BUTTLART 


We have received a copy of W.’s second discussion on the induced polarization 
problem. After reading it thoroughly, our position is unchanged. The aquifer is 
not a “linear medium” because the motions of the ions are essentially different 
with and without electric field. Therefore, values for the dielectric constant cal- 
culated on the decay part of the curves do not have to agree with the ones cal- 
culated from the magnitude of the induced polarization signal. A ratio €/é of 
10° would yield a maximum induced polarization signal of about A¢/V=o.5, 
which has never been observed. 

We think that W. is carrying the model of a leaky dielectric too far; it just 
will not describe all the properties of an aquifer. 
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A SLIDE RULE FOR NEAR-SURFACE REFRACTION PROBLEMS* 
W. A. KNOXTt 


ABSTRACT 


The paper describes a slide-rule useful for determining reflection time corrections for multilayer 
weathering problems. It is also useful to the seismic reviewer in computing a correction factor for 
data which have been reduced by overly-simplified corrections. 


INTRODUCTION 


While multiple layer weathering problems occur from time to time almost 
everywhere, there are some areas in which a multilayer correction problem is the 
rule. Western Canada is an example where several layers of low and intermediate 
velocity, unconformably overlie the older section having a relatively constant 
velocity. Thralls and Mossman (1952) encountered a similar problem in parts 
of Central United States. Corrections to reflection times are required to remove 
the effects of the various near-surface layers. The necessary corrections are usu- 
ally determined from refraction data. To solve the equations arising from the 
problem and its consequences, a simple slide rule has been designed. It is illus- 
trated in Figure 1. 


APPLICATION OF THE SLIDE RULE 


The primary application of the refraction slide rule is to solve for the thick- 
ness of, and vertical time through, one or more refractors. The quantities needed 
for the solution are the velocities and corresponding intercept times from prop- 
erly processed refraction graphs. 


Its secondary purpose is the calculation of the vertical delay time due to 
each refractor, with respect to some constant velocity originally used to correct 
the seismic record to the datum or reference plane. That is, let the record be 
corrected from the base of shot (or from the base of weathering, or, for that mat- 
ter, even from the surface) to the datum, using a constant datum velocity, with- 
out regard for possible intermediate velocity layers sandwiched between the 
base of the weathering and the datum. The slide rule provides a ready answer 
to the question: What is the additional time required to correct for the delay 
due to the introduction of one or more low and intermediate velocity layers that 
were previously ignored? This problem occurs quite frequently in the review and 
recomputation of old seismic work. 


ASSUMPTIONS 


In the practical application of the slide rule solution to near-surface problems, 


* Manuscript Received by the Editor, May 15, 1957. 
¢ Western Geophysical Company of Canada, Ltd., Calgary, Alberta, Canada. 
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it is assumed that the velocity remains constant with depth for each layer and 
that the well-known straight-path refraction formula applies (Nettleton, 1940). 
Although the slide rule was designed primarily for near-surface work, it can be 
applied to any refraction problem for which the basic equations are valid. 

In the field the dip of the refractor is not ordinarily computed. A depth point 
is calculated for each profile. The dip is proportional to the difference in depths. 

It will be assumed in this discussion, that the refraction information has 
been processed in such a way that the depth points, times, or additives apply 
directly beneath the shot point. 


SOLUTION OF REFRACTION PROBLEMS WITH THE SLIDE RULE 
Two-Velocity Problem 
The solution for the thickness of a layer Zo, from intercept times /) and 4, 
due to velocities Vp and V, is the well-known relation 
Zo = (ti — to)Vo/2 cos agy (1) 
assuming the shot originated at the upper boundary of layer Zo. As usual, 
Vo/Vi = sin an = No, (2) 
where ap is the critical angle. The one-way vertical time through the layer of 
thickness Zp is 
To = Zo/Vo = (ti — to)/2 Cos an. (3) 
Figures 2a and 2b illustrate the ray paths and refraction graph for the simple 


two-velocity case. From Figure 2b, since ¢o is equal to zero, it drops out of (1) 


and (3). 
For a slide rule solution, equations (1), (2), and (3) must be put in logarithmic 
form: 


log Zo = log t; + log Vo — log (2 cos a1), (1a) 


log No: = log Vo — log Vi, (2a) 


log Ty = log t, — log (2 cos a1) (3a) 


To solve the two-velocity problem, use the front face of the slide rule. From 
the top suite of scales, compute No from V» and V; (note: on the slide rule, 
scales marked ‘“‘V,’’ will always be used for the lesser of a pair of velocities under 
discussion, while the scales marked “‘V.,”’ will be used for the greater of the two). 
On the middle bank of scales, set No: over 4; above Vo, read Zo from scale Y. 
Above 10,000 (this is the index for the V scale) read 7 on scale Y, after a suitable 
mental adjustment of the decimal point. The slide rule settings are illustrated in 
Figures 2c and 2d. 
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Fic. 2. a. Ray paths for two velocity case. 
b. Refraction graph. 
c. and d. Slide rule settings for the two-velocity case. 


Multi-Velocity System 

The ray paths and refraction graph for a three-velocity case are shown in 
Figures 3a and 3b. The solutions for Z) and 79 are computed as for the two- 
velocity case, assuming the shot originated at the upper boundary of Zp. 

We can compute the thickness of the second layer Z;, and the vertical time 


T,, from the equations 
Z, = (te — toz)Vi/2 cos ars, (4) 
Z,/V;, (s) 


loo = 2Zo COS Qoe2 ‘Vo, (6) 


sin = => Nog, 


sin ae = Vi/V2 = Nie. 


The slide rule solution is performed in three steps the last two of which are 
illustrated in Figures 3c and 3d. First evaluate the N’s using the top suite of 
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Nie 


Fic. 3. a. Ray paths for the three-velocity case. 
b. Refraction graph. 
c. Slide rule settings, first layer. 
d. Slide rule settings, second layer. 


scales. Next, compute Zp and Ty as before, but without moving the slide setting, 
read /o2 from the ¢ scale beneath No. Finally, using Vi, (42—¢o2), and Ni: as entries, 
solve for Z; and 7;. The total time through the two near-surface layers is T9+71. 
When the shot is d feet within the layer Zo, equations (1) and (3) are modified 

to 
Zo= d/2 + cos a1) (1b) 


To = d/2Vo + cos (3b) 

When the shot hole penetrates Z, the correct value of Zp» will be twice the 
value of equation (1) and 

= (d — Zo)/2 + (te — toz)Vi/2 cos arse (4a) 


where fo: must be determined from the up-hole time. 
A four velocity problem can be solved similarly, with the aid of the additional 


equations 
Z2 = (ts — tos — tis)V2/2 cos aes, (7) 
T2 = Z2/V2 (8) 
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where 


= 2Z Cos ao3/Vo, 


= COS 


Vo/V3 = Nos, 
N13, 


sin 
sin = Vi/V3 
sin >= V2/V3 = No. 


slide rule as was éo2 in the three- 


The quantities /o; and 43 are obtained from the 
velocity solution. 

It is seldom necessary to peel off more than one or two velocity layers below 
Zo before penetrating to the constant velocity formation. It is doubtful thata 
five-velocity solution would be required for near-surface correction problems. 


CORRECTION ADDITIVES DUE TO THE INTRODUCTION 
OF ONE OR MORE REFRACTORS 


Introduction 

In the review of old seismic work, it is frequently found that one or more 
variable velocity refractors went unrecognized, and the records were reduced 
to the reference plane with little regard for anything other than layer Zo. Some- 
times, even in current work, the field office routine makes it desirable to ignore 
temporarily the effect of possible intermediate velocity layers. It becomes neces- 
sary therefore to compute a correction additive. This additive must correct for 
the time delay due to the introduction of one or more relatively low velocity 
refractors, without making a detailed recomputation of the seismic record. Such 
correction additives can be computed rapidly and easily with the slide rule. 


Correction Additive, General Case 
Refer to Figure 4a. Let the original seismic record reduction to the datum 
or reference plane be computed as 


2AB/Va, 


where the datum velocity Va= V3, and where V; is assumed to be the constant 
formation velocity. From a study of the refraction data it is later found neces- 
sary to introduce three layers: Zo, Z;, and Z2, between the surface and the datum. 
The corresponding velocities are 


Ve< Ve< Ve = Va: 


The additives C;, required to correct for the additional delay time due to the 
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Vi 


Ve 


3* Ve 


datum 


Fic. 4. a. Correction additive, three layers, four velocities. 
b. Slide rule settings for the correction additive, first layer. 
three layers are 
Co = 2Z0(1/Vo — 1/Va), 
Ci = 2Z21(1/Vi — 1/Va), 
C2 = 2Z22(1/V2 — 1/Va), 
and the total correction is DC. 
For layer Zp, let 
Fo = 2(1/Vo — 1/Va) X 105, 
then 
Co = Zo X Fo X 1075. 
In logarithmic form (12b) is 


log Co = log Zo + log Fo — 5. 


(11a) 


(11b) 


(11¢) 


Multiplication and subsequent division by 1o® is required to keep the units on 
the F scale of the slide rule within manageable limits. 
Equation (11a) is solved on the back of the slide rule using the upper tier 
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of scales (use scale V2 for Va). The solution for (11b) is performed on the bottom 
scale suite, entering Zp on scale Y. Corrections for the remaining layers Z; and Z, 
are computed similarly. The corrections for each layer are subtracted from the 
original record reduction to the datum for the velocity conditions specified in the 
first paragraph. 

Apply a suitable shot depth correction for the layer containing the shot. 


Special Solution for Two-Velocities Excluding Vo 


Following the method of the previous section, it was necessary to compute 
the thickness of the various layers from the front of the slide rule, then to cal- 
culate the correction additives from the back of the rule. In the special case 
where but two velocities are involved exclusive of Vo, where Va= V2, where the 
time delay due to layer Zp) was correctly removed in the initial record reduction 
to the datum, and finally, where the shot is in layer V;, a greatly simplified solu- 
tion is possible. 

Refer to Figure 5a. Consider V2 to be the formation velocity in this case. The 
original record reduction to the datum in terms of time was 


Zo/Vo + AB/Va + A'B’/Va = Zo/Vo + 2AB/Va. 


With the introduction of layer Z;, the original record time reduction is in error 


\ 
Ve =Va 


Fic. 5. a. Correction additive, two velocities excluding Vo. 
b. Refraction graph. 
c. Slide rule solution, 
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and the correction Ci, for the additional delay time through Z, is 
Cy = 2Z3/Va = 2Z,(1/V, 1/Va). 


Let us substitute the right hand member of (4) for Z:, which we can do since 
Va=Ve2. Then 


C1 = [(te — toz)V1/cos ai2](1/Vi — 1/V2). 
Upon simplifying, 
Cy; = (te — to2) (Sec — tan (12) 
In logarithmic form for adaptation to slide rule solution, (12) becomes 
log Ci = log (t2 — toz) + log (sec aiz — tan a2). (12a) 


If the difference between the observed intercept 4, and the computed quantity 
foo, is small, we can insert (42—4) in (12), which is simply the difference in inter- 
cept times as observed on the refraction graph. 

C; is computed on the slide rule using the lower suite of scales, front face. 
The settings are shown in Figure sb. The correction additive C,, is thus computed 
in a single step, using the observed intercept time difference, without the need 
for determining the actual thickness of layer 2. 


CONSTRUCTION OF THE SLIDE RULE 


While the general theory of the layout of slide rule scales is described in 
readily available texts and need not be discussed here (Davis, 1943), a descrip- 
tion of the arrangement and numbering of the scales, as used on this particular 
slide rule, may be helpful. 

All of the scales except the upper suite of three on the reverse face, are ordi- 
nary C and D slide rule scales, although some have been folded or inverted for 
convenience in manipulation. The middle N scale on the front face is divided into 
units of 1/cos a, but numbered in terms of sin a= JN. Similarly, the bottom V 
scale is measured in units of sec a—tan a. The V; and V3 scales on the back face 
are linear scales divided into intervals of 1/V, but numbered in terms of V. 
The top F scale is a linear measure of the difference between the reciprocals of 
the velocities. The various scales have been numbered to fit the units and ranges 
of quantities ordinarily encountered in the field. 

In constructing the slide rule, the original drawings were photographed and 
later printed on dimensionally stable, white paper, using black ink for direct- 
reading scales and red ink for the inverted ones. Where necessary, windows were 
die-cut in the sheets destined to form the stationary portion of the device. The 
printed sheets were then laminated between sheets of clear plastic. After trim- 
ming, the two outer faces, separated by thin spacers, were cemented together 
at the top and bottom edges. Insertion of the slide completed the assembly. The 
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instrument is rugged and attractive. It can be manufactured as described in 
quantities up to 100, at considerably less expense than would be possible using 
the ordinary commercial processes. 
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DEPARTMENTS 
PATENTS 


O. F. RITZMANN* 


ELECTRICAL PROSPECTING 
U.S. No. 2,794,949. E. H. L. Hedstrom and R. V. Tegholm. Iss. 6/4/57. App. 2/3/55 and 5/10/55. 
Electromagnetic Induction Method and A pparatus for Prospecting. An airborne electromagnetic 
prospecting system in which exciting coils on the plane generate a circularly-polarized magnetic field 
and the space gradient of elliptical polarization produced by anomalies is detected by means of two 
birds towed at different distances behind the plane. 
U.S. No. 2,796,235. M. D. Quigley. Iss. 6/18/57. App. 5/24/52. Assign. Sinclair Oil & Gas Co. 
Process of Geophysical Prospecting. A method of electrical prospecting for oil in which the sub- 
surface resistivity is measured along traverses to locate high-resistivity dikes. 
U.S. No. 2,799,003. T. J. Nowak. Iss. 7/9/57. App. 2/16/53. Assign. Union Oil Co. of Calif. 
Electric Logging Method and Apparatus. An electric logging or prospecting system using radio- 
active electrodes in order to reduce polarization effects at the ground contact. 
U. S. No. 2,800,629. G. F. Tagg. Iss. 7/23/57. App. 2/16/55 and 2/13/56. Assign. Evershed & 
Vignoles Ltd. 
Earth Resistance Measuring Equipment. A four-electrode resistivity meter in which the ratio of 
the ground current to the potentiometer current is indicated. 
GRAVIMETRIC PROSPECTING 
U.S. No. 2,801,794. W. W. Garvin and J. R. Leggett. Iss. 8/6/57. App. 3/1/51. Assign. California 
Research Corp. 


A pparatus for Geophysical Prospecting. An analog computer for determining the vertical gravity 
of a distribution of mass in which the mass is divided into vertical prisms each of whose effect at a 
mapping point is determined by an a-c network in which resistance is analogous to horizontal distance 
and reactance is analogous to vertical distance and the currents from the respective prisms are added 
at the mapping point and indicated. 


MAGNETIC PROSPECTING 
U. S. No. 2,803,798. K. A. McLeod. Iss. 8/20/57. App. 3/20/45. Assign. U.S.A. 


Portable Magnetometer. A magnetometer having a high-permeability magnetic antenna with a 
D’Arsonval meter movement between its pole pieces and with the coil deflection observed with con- 
stant current. 

RADIOACTIVITY PROSPECTING 


U.S. No. 2,795,703. I. B. Berlman and L. D. Marinelli. Iss. 6/11/57. App. 3/16/54. Assign. U.S.A. 


A pparatus for Counting Fast Neutrons in the Presence of Gamma Rays. A device for measuring the 
density of fast neutrons in the presence of gamma rays by using two scintillation counters whose 
scintillation vessels have the same amount of electrons but one vessel contains a considerably greater 
amount of hydrogen atoms, the difference between their counts being a measure of the neutron density. 


* Gulf Oil Corporation, Patent Department. 
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U. S. No. 2,795,704. H. Bryant, G. F. Erickson and S. G. Kaufmann. Iss. 6/11/57. App. 4/15/54. 

Assign. U.S.A. 

Neutron Ion Chamber. A device for measuring neutron flux in the presence of other radiations 
having two juxtapositioned U-shaped electrodes with a grounded motor-driven disk rotated between 
them, both sides of one half of the disk being coated with B"° so as to be neutron responsive, and 
with each electrode connected to ground through a resistor and common battery and the difference 
in potential across the resistor indicated. 


U.S. No. 2,796,411. R. E. Zirkle and H. J. Curtis. Iss. 6/18/57. App. 1/29/47. Assign. U.S.A. 


Radiation Shield. A neutron shield made of polymerized acrylate plastic incorporating a boron 
compound so as to provide at least 0.1 gram of boron per sq. cm. of shield area. 


U. S. No. 2,796,529. P. Morrison. Iss. 6/18/57. App. 8/23/48. Assign. U.S.A. 

Radiation Shield. A device for absorbing fast neutrons escaping from a radioactive source having 
an inside layer of iron, then a layer of compressed wood fibers, and alternating layers of iron and cellu- 
lose acetate containing dispersed boron. 


U.S. No. 2,799,780. I. W. Ruderman. Iss. 7/16/57. App. 9/3/53. Assign. Isomet Corp. 

Neutron Scintillation Counter. A device for detecting neutrons in the presence of gamma rays 
having alternating layers of scintillator about 10 microns thick and boron glass about 100 microns 
thick which gives rise to alpha particles upon neutron capture. 


SEISMIC PROSPECTING 
U.S. No. 2,794,512. J. L. Martin. Iss. 6/4/57. App. 7/27/53. Assign. The Atlantic Refining Co. 


Means for Determining Acoustical Velocity and Attenuation Characteristics of Subterranean Forma- 
lions. An acoustic logging system using an acoustic source and two spaced piezoelectric receivers, 
one receiver near the source being arranged to pick up energy reflected from the formation wall and 
the other distant receiver used to pick up refraction energy travelling through the formation. 


U.S. No. 2,794,965. W. J. Yost. Iss. 6/4/57. App. 5/25/53. Assign. Socony Mobil Oil Co., Inc. 

Statistical Inter pretation of Seismograms. A method of analyzing seismic reflection records in 
which a curve of variation of autocorrelation function with increasing time delay is first determined 
for a trace dominated by noise, and also for each reflection trace, and the first curve reproduced 
and passed through a circuit which nullifies it and the curves for the successive reflection traces then 
reproduced through the same channel to bring out the reflections. 


U.S. No. 2,704, 966. M. D. McCarty. Iss. 6/4/57. App. 8/28/53. Assign. Socony Mobil Oil Co., Inc. 


Selective Mixing of Seismic Signals. A method of seismic recording in which the channel signals 
are successively rapidly sampled and the rate of sampling filtered from the composite record, the 
sampling rate being varied during the course of the record. 


U.S. No. 2,795,287. J. A. Sharpe. Iss. 6/11/57. App. 4/8/52. Assign. Seismograph Service Corp. 


Apparatus for Seismic Reflection Mapping. Apparatus for compositing seismic traces recorded in 
reproducible form in which a number of traces are simultaneously scanned by play-back heads which 
are initially moved with respect to each other to compensate for fixed time variations of the separate 
traces, and which are moved during the play-back so as to compensate for differences in step-out 
due to different shot-detector distances for the various traces. 


U.S. Re. 24,330 (Original No. 2,604,955). J. E. Hawkins. Iss. 6/18/57. App. 4/18/46, 7/29/52, and 
7/13/54. Assign. Seismograph Service Corp. 


System for Analysis of Seismographic Records. A system for analyzing seismograms in which the 
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traces are reproduced by a pair of spaced pick-ups and the signals from the first pick-up used to 
control the filtering or otherwise alter a characteristic of the signal from the second pick-up. 


U.S. No. 2,796,756. W. A. Yates and M. Davidson. Iss. 6/25/57. App. 9/30/54. Assign. U.S.A. 
Vibration Calibrator. A vibration measuring device in which the vibration moves a metallic 


member close to the coils of a mutual inductance, one coil being excited by a regulated high-frequency 
carrier and the change in carrier in the other coil amplified and measured with a peak voltmeter. 


U. S. No. 2,796,863. W. von Wittern. Iss. 6/25/57. App. 12/18/52. Assign. U.S.A. 

Pressure Responsive Pick-Up Measuring Device. A variable air-gap pressure transducer having a 
magnetic diaphragm near the poles of an a-c excited electromagnet and detecting reluctance changes 
by a secondary winding connected to a phase-sensitive rectifier. 


U. S. No. 2,797,399. L. W. Camp and W. A. Daniel. Iss. 6/25/57. App. 3/8/55. Assign. Bendix 
Aviation Corp. 
Underwater Transducer. A hydrophone having a rubber case with longitudinally-polarized 
cylinders of barium titanate mounted between a diaphragm exposed to the water and an insulating 
rear wall. 


U.S. No. 2,797,911. J. L. Montgomery. Iss. 7/2/57. App. 10/17/51. 

Accelerometer. An accelerometer in which a long period is attained without lengthening the de- 
flection by connecting to the suspended seismic mass one or more rotatable inertia masses which are 
rotated by displacement of the seismic mass. 


U.S. No. 2,797,912. R. M. Trostler. Iss. 7/2/57. App. 10/21/53. Assign. Sperry-Rand Corp. 

Acceleration-Res ponsive Device. An accelerometer having a bar magnet mechanically suspended 
in a liquid and with electrodes connected in a bridge circuit contacting the liquid so that movement 
of the magnet unbalances the bridge, and also having feed-back coils near each end of the magnet 
connected in the circuit to oppose motion of the magnet. 


U.S. No. 2,798,211. N. J. Smith. Iss. 7/2/57. App. 4/15/54. Assign. California Research Corp. 

Seismic Prospecting Method and Apparatus. A marine seismic cable arrangement in which each 
group of pressure detectors is connected to the primary of its impedance-matching transformer in 
the cable, and the secondaries of two transformers are connected to a common cable lead so as to re- 
duce the number of cable conductors required. 


U.S. No. 2,798,972. G. B. Booth. Iss. 7/9/57. App. 2/16/56. Assign. Textron Inc. 

Vibration Pickup. An electromagnetic vibrometer having a coil suspended on a pivoted cantilever 
arm, the coil surrounding an inner pole piece which receives flux from magnetic circuits both above 
and below the pole piece. 


U.S. No. 2,799,015. N. W. Bell. Iss. 7/9/57. App. 12/27/54. Assign. Consolidated Electrodynamics 
Corp. 
Vibration Indicator. A vibration alarm in which the signal from a self-generating pick-up is filtered 
and rectified and operates an indicator and alarm-circuit relay. 


U.S. No. 2,800,583. I. H. Gerks. Iss. 7/23/57. App. 10/21/55. Assign. Collins Radio Co. 

Means for Determining Cross-Correlation Coefficients, Such as Between Diversity Signals. An ap- 
paratus for determining the cross-correlation between two diversity signals in which each operates a 
pair of relays controlling the flow of current from positive and negative current sources to an integrat- 
ing circuit whose total voltage is indicated. 
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U. S. No. 2,800,639. B. D. Lee. Iss. 7/23/57. App. 3/28/50 and 12/28/53. Assign. The Texas Co. 


Method and Apparatus for Analysis of Seismographic Records. A system for normalizing a multi- 
channel seismogram in which the step-out is computed vectorially by an a-c analog computer which 
automatically displaces the pickups the proper amount during a reproduction of the seismogram. 


U.S. No. 2,803,001. E. M. McNatt. Iss. 8/13/57. App. 6/2/52. Assign. Esso Research and Engineer- 
ing Co. 


Wave Detection in Seismic Prospecting. A seismic prospecting system in which the earth waves are 
detected by means of a microphone suspended in the air above the detection point. 


U. S. No. 2,803,515. S. J. Begun, E. R. Sarratt, J. F. Blaha, and D. R. Christian. Iss. 8/20/57. App. 
1/5/54. Assign. Clevite Corp. 


Recording Apparatus. A magnetic seismograph recorder in which a rotating drum carries a multi- 
channel magnetic tape and also a visual recording tape, the seismic signals being recorded with 
magnetic heads and immediately after completion of the record it is played back and re-recorded 
in visual form by means of an oscillographic recording pen. 


U.S. No. 2,803,801. R. D, Cunningham. Iss. 8/20/57. App. 4/10/46. Assign. U.S.A. 


Wave Analyzing Apparatus. A speech analyzing apparatus in which the signal is filtered to sup- 
press lower frequencies, rectified and used to overdrive an amplifier to obtain square waves which 
are differentiated, and negative peaks clipped, and the resulting signal averaged and indicated, the 
process being repeated in successive channels to indicate the presence of higher frequencies. 


U.S. No. 2,803,809. A. E. Tilley. Iss. 8/20/57. App. 5/18/54. Assign. California Research Corp. 
Method and A pparatus for Timing Seismic Recordings. A timing system for a seismogram analyzer 
having a recorder-reproducer and a permanent recorder and arranged so that the timing marks are 
put on the original recording so that subsequent seismic trace reproductions through filters may be 
made while reproducing the timing lines in their original form. 


U.S. No. 2,804,509. W. F. Knauert and I. Michalko. Iss. 8/27/57. App. 7/17/52. Assign. Sonotone 
Corp. 
Inertia Type Electromechanical Sound Transducing Device. A suspended-magnet variable air-gap 
reluctance-type sound transducer having the magnetic armature fastened to the case and having 
resilient arms which serve as stops to prevent excessive movement of the suspended system. 


U.S. No. 2,804,603. W. T. Harris. Iss. 8/27/57. App. 7/24/51. Assign. The Harris Transducer Corp. 


Sound Meter. A pressure geophone having two cylindrical magnetostriction or capacitor type 
pressure-sensitive transducers subjected to ambient pressure with one of them shielded against 
acoustic pressure. 


WELL LOGGING 


U.S. No. 2,794,260. J. C. Kinley. Iss. 6/4/57. App. 6/27/55. 
Pipe Calipers. A wire line caliper device having a clock-released lock which releases the caliper 
arms at a preset time. 


U.S. No. 2,794,951. R. A. Broding and W. B. Allen. Iss. 6/4/57. App. 8/27/53. Assign. Socony 

Mobil Oil Co., Inc. 

Dynamic Cable Measuring System. A well-logging cable measuring device which magnetically 
marks the cable and counts lengths between the magnetic marking transducers, the distance between 
the transducers being varied slightly in response to a strain gauge which measures cable tension, so 
as to correct the measured length for changes in tension. 
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U.S. No. 2,795,856. C. E. Reesby and O. R. Smith. Iss. 6/18/57. App. 11/25/55. Assign. Halliburton 
Oil Well Cementing Co. 


Control Mechanism for Elements in Well Tools. A device for controlling well tools and having a 
solenoid-actuated valve which allows hydraulic fluid under well pressure to flow through a hydraulic 
motor to a chamber at atmospheric pressure. 


U.S. No. 2,797,976. R. Ring. Iss. 7/2/57. App. 12/3/53. Assign. Sperry-Sun Well Surveying Co. 
Well Surveying Instrument. A multi-shot photographically-recording well surveying apparatus 
that is run through the drill string and records inclination and compass reading. 


U. S. No. 2,799,004. R. R. Thompson. Iss. 7/9/57. App. 4/13/53. Assign. Esso Research and Engi- 
neering Co. 
Electrical Well Logging System. An electric logging system using a pair of horizontally-spaced 
current electrodes and a pair of horizontally-spaced potential electrodes in the same vertical plane 
as the current electrodes and vertically-spaced from them. 


U.S. No. 2,799,946. F. M. Mayes. Iss. 7/23/57. App. 6/8/55. Assign. Sun Oil Co. 


Tubing Caliper. A tubing caliper having light spring-actuated calipering arms which move the 
armature of a variable inductance to change the frequency of an oscillator, both the oscillator output 
and the output of a fixed frequency oscillator being recorded in the apparatus. 


U.S. No. 2,802,951. D. O. Seevers. Iss. 8/13/57. App. 8/28/54. Assign. California Research Corp. 


Frequency Transforming System for Well Bore Signaling. A system for using a standard electric- 
logging cable for radioactivity logging in which sharp pulses are rapidly recorded by a c-r beam on 
an electrostatic storage surface which is scanned to transmit the integrated pulses to the surface at 
a lower frequency. 


U.S. No. 2,803,526. T. J. Nowak. Iss. 8/20/57. App. 12/3/54. Assign. Union Oil Co. of Calif. 


Location of Water-Containing Strata in Well Bores. A method of locating water-injection strata 
by running a thermal log under normal operating conditions, then injecting a chemical such as finely- 
divided sodium in kerosene which has an exothermic reaction when mixed with water, and running 
a second thermal log. 


U. S. No. 2,803,796. N. A. Schuster. Iss. 8/20/57. App. 5/21/53. Assign. Schlumberger Well Survey- 
ing Corp. 
Electrical A pparatus for Well Logging. An electric logging system in which the current distribution 
near the electrode array is controlled by an auxiliary current from an amplifier whose gain is auto- 
matically adjusted in response to the potential difference between two pick-up electrodes. 


See also Patents 2,799,003 listed under Electrical Prospecting and 2,794,512 listed under Seismic 
Prospecting. 
MISCELLANEOUS 
U. S. No. 2,794,338. J. Murphy, L. S. Gournay and M. O. Johnson. Iss. 6/4/57. App. 1/12/54. 
Assign. Socony Mobil Oil Co., Inc. 


Determination of Pore Size Distribution in Large Core Samples. A pore-size distribution measuring 
apparatus having a cylinder into which a core may be placed and mercury forced into the core under 
pressure. 


U. S. No. 2,795,377. R. J. Loofbourrow, R. B. Stelzer and C. B. Scotty. Iss. 6/11/57. App. 11/26/52. 
Assign. The Texas Co. 


Electrical Analogues. A barrier for an electrolytic potentiometric model having electrically- 
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insulated lead contacts immersed in an electrolyte containing lead acetate, acetic acid and sodium 
nitrate so as to eliminate passivity at the barrier electrodes. 


U. S. No. 2,795,952. D. M. Stewart. Iss. 6/18/57. App. 9/20/54. Assign. Esso Research and Engi- 
neering Co. 

Retrievable Pressure Recording Bomb and Choke. A wire line pressure gauge and choke for use 
with a formation tester arranged so that the fluid passes the pressure gauge before going through 
the choke. 

U.S. No. 2,798,116. J. H. Wiens. Iss. 7/2/57. App. 10/11/50. Assign. 30% to Reed C. Lawlor. 

Aerial Survey System. An aerial mapping system employing television transmission from the 


survey plane to a base station and using in the plane linear scanning transverse to the plane’s motion, 
the received image being reproduced transverse to motion of a film strip. 


U.S. No. 2,798,666. W. F. Brown, Jr. Iss. 7/9/57. App. 12/8/53. Assign. Sun Oil Co. 

Electrical Analogs. A field-exploring electrode system for a reservoir analyzer having at least 
three pairs of electrodes symmetrically arranged at diametrically-opposite points of a circle whose 
center is the observation point, and a computer which resolves the three potential differences into 
orthogonal components of the field gradient. 


U.S. No. 2,799,561. R. W. Rochon. Iss. 7/16/57. App. 11/17/54. Assign. Monarch Logging Co., 
Inc. 
Method and Apparatus for Determining Hydrocarbon Content of Solid Earth Formation Samples. 
A core-testing system in which the core is placed in a calibrated chamber and the pressure reduced in 
successive steps with the amount of volatile hydrocarbon extracted at each step determined by a hot- 
filament detector. 


U. S. No. 2,800,972. E. W. Jacobson and B. M. Wedner. Iss. 7/30/57. App. 8/20/53. Assign. Gulf 
Research & Development Co. 


Drive Chain Adjuster for Amphibious Vehicles. A drive-chain adjuster for a marsh buggy which 
permits the operator without dismounting to vary the wheel base by bodily moving the dead axle 
which carriers one set of driving wheels. 


U. S. No. 2,801,410. Y. Ikeuchi and I. Ikeuchi. Iss. 7/30/57. App. 6/1/56. 


Device for Locating Submerged Objects. A sonde with two electrodes having file-like teeth and 
which are connected to an indicator so that when the teeth contact a metallic object it completes 
the circuit. 


U5. No. 2,802,172. W. F. Mueller and C. F. Rust. Iss. 8/6/57. App. 7/16/53. Assign. Socony Mobil 
Oil Co., Inc. 


Core Sample Resistivity Cell. A device for measuring the resistivity of a core sample having a box 
with electrode plates which are spring pressed against the core and two sets of circumferentially- 
spaced electrodes which contact the cylindrical surface of the core. 


U. S. No. 2,802,173. R. G. Nisle. Iss. 8/6/57. App. 3/1/54. Assign. Phillips Petroleum Co. 


Core Saturation Distribution Measurement and Apparatus Therefor. A system for measuring core 
saturation distribution along a core being flooded in a tightly-fitting electrically-insulating tube by 
passing an audio-frequency a-c longitudinally through the core and observing the potential distribu- 
tion along the core by means of movable capacitative electrodes outside the insulating tube. 
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Elastic Waves in Layered Media, W. Maurice Ewing, Wenceslas S. Jardetzky, and Frank Press, 
McGraw-Hill Book Company, Inc., New York, New York, 380 pp., 1957. $10.00. 


This scholarly and comprehensive work provides a unified treatment of a phase of geophysical 
theory which has contributed greatly to our understanding of earthquake seismology and geophysical 
prospecting. Beginning with a derivation of the elastic wave equation and a statement of its most 
general solution, the authors proceed with a discussion of the effect of a single plane boundary, a 
treatment of two media in contact along a plane, and, in thorough detail, a presentation of the theory 
for a medium containing one or more layers. The authors cover a tremendous range of subject matter 
at a pace which presupposes on the part of the reader some familiarity with elastic waves and an ade- 
quate mathematical background. Although the derivations proceed without much introduction or 
elaboration, there are numerous ray diagrams and qualitative summaries which help to clarify the 
final results. In many cases, results are presented as dispersion curves, that is, relations between 
phase or group velocity and frequency for sinusoidal excitation. Many features of the transient 
behavior can be inferred from these curves. In several cases, the waveforms due to impulsive excita- 
tion at a point were derived directly. Although discussions of experimental work comprise a very 
small fraction of the total book, there are some elegant comparisons between appropriate theories 
and results from éarthquake seismology, seismic prospecting, and model work. 

A major contribution of this book is the comprehensive bibliography of the world literature 
which kas been compiled for the main topics and the guiding comments in the text as to the signicance 
of many references. In selecting from the literature topics to be treated in detail in the text, the 
authors have justly drawn heavily from their many recent publications concerning both theoretical 
and experimental aspects of wave propagation in layered media. 

For completeness, a chapter was devoted to the effects of gravity, curvature, and viscosity; 
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another to propagation in plates and cylinders; and a third to media with continuously variable 
properties. This last chapter includes a discussion of propagation along the well-known SOFAR 


channel. 
Beyond question, this book will take its place as a classic reference work in elastic wave theory 


and will serve as a valuable guide to persons delving deeply into this field. 


J. E. Wuite 


Glossary of Geology and Related Sciences, American Geological Institute, Washington, D. C., 325 pp., 

1957, $6.00. 

Some six years of planning and preparation preceded the publication of this comprehensive and 
authoritative glossary. It is a publication of the American Geological Institute, made possible by 
financial assistance from the National Science Foundation and the Geological Society of America. 
The planning and compilation of the work was done by a Steering Committee under the Chairmanship 
of J. V. Howell, the S.E.G. being represented by Richard A. Geyer. Selection of definitions was made 
by sub-committees made up of specialists in all fields of geology and geophysics. Here the S.E.G. 
was again well represented by a group of eminent geophysicists under the chairmanship of Paul L. 
Lyons. Included in the group were E. A. Eckhardt, Sigmund I. Hammer, T. A. Elkins, L. L. Nettle- 
ton, and Henry Faul. 

The Glossary contains some fourteen thousand entries covering all fields of geology and geo- 
physics, except the field of Vertebrate Paleontology. In addition to formal terminology, the entries 
include many colloquial expressions, e.g., “jug.” 

The pressing need for an authoritative glossary in the field of earth science is evidenced by the 
fact that this Glossary had a sale of over five thousand copies within three months of publication. 
It will undoubtedly prove a valuable addition to the library of every geologist and geophysicist. 

Probably because of limited publication funds, the Glossary is printed by the photo-offset process 
through reduction from typewritten copy. With the success of this edition already assured, it is to be 
hoped that a second edition may soon appear in a better format. 

This reviewer would like to extend his personal thanks to Mr. Howell and all the others who 
made this work possible. It is a lasting, valuable contribution to all who work in the many fields of 


earth science. 


W. T. Born 


IGY Rocket Program, Subcommittee for IGY of the Technical Panel for Rocketry, The Scientific 

Monthly, Vol. 85, pp. 130-142, Sept., 1957. 

From July, 1957, until the end of 1958, the United States will launch about two hundred rockets, 
some capable of reaching nearly three hundred kilometers. The rockets, probing directly the further 
reaches of the earth’s atmosphere, will represent a major contribution of this country to the Inter- 
national Geophysical Year. 

While upper atmospheric investigations probably are not of immediate interest to members of this 
society, the scientific problems being attacked are fascinating in themselves and some, particularly 
those of sound propagation, similar to problems met in theoretical seismology. In the present paper 
the subcommittee concerned with rocket studies gives a nontechnical account of the proposed ex- 
periments and equipment. 

Two types of rocket vehicles will be used: relatively large, self-contained Aerobees and balloon 
or Jato-launched smaller rockets. The Aerobees will be fired at Fort Churchill in Canada and at the 
New Mexico proving grounds; the smaller units, from many points around the earth. Information 
sought will be density, temperature, pressure, wind movements, and water vapor content of the 
earth’s atmosphere and details of solar related constituents such as ozone and of solar emanations. 

There is not space here even to summarize this excellent paper. The reviewer would like to 
mention two planned experiments he found beautiful in their simplicity and ingenuity. A group 
from the U. S. Army Signal Engineering Laboratories will measure temperatures and winds by re- 
cording the arrival times of sounds from grenades ejected periodically as an Aerobee ascends. The 
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grenades are to be exploded at known times and altitudes. The second experiment, this by the 
Universit:: of Michigan’s aeronautical engineering department, will give air density from the tele- 
metered deceleration of a 7 inch sphere released at high altitude. As in well logging, simple tools are 
best and complex equipment does not ensure maximum information. It may mean merely high 
cost and no information at all. 

FRANKLYN K, LEvIN 


Potential Hazard of RF Energy to Electric Blasting, Pamphlet No. 20, Institute of Makers of Explo- 
sives, 250 East 43rd Street, New York 17, New York. No charge. 


Many years of experience and numerous tests have indicated that the hazard of radio frequency 
energy to blasting operations has been greatly exaggerated, according to a booklet recently published 
by the Institute of Makers of Explosives. 

Pamphlet No. 20 entitled “Radio Frequency Energy a Potential Hazard in the Use and Trans- 
portation of Electric Blasting Caps,” explains how RF energy can fire an electric blasting cap and 
what precautions should be taken to minimize this hazard. The tables of distances for safe electric 
blasting operations from fixed or mobile transmitters, particularly those for the FM mobile trans- 
mitters, are quite revealing. 

Pamphlet No. 20 is available from the Institute of Makers of Explosives, 250 East 43rd Street, 
New York 17, New York, or from most of its member companies. 

ELMER JOHNSON, Chairman 
S.E.G. Committee on Safety 


Seismic Model Studies Part 1, On Rayleigh Wave, Takagi, Akio, The Science Reports of the Tohoku 
University, Geophysics, Vol. 8, pp. 64-68, 1956. 

Science Model Studies Part 2, On Dilatational and Distortional Waves in Semi-infinite Solid Due to 
a Linear Surface Impulse, Takagi, Akio, The Science Reports of the Tohoku University, Geophysics, 
Vol. 8, pp. 69-73, 1956. 


Model Seismology Part 3, Wave Propagation in the Step-shaped Structure and on the Cliff, Kato, 
Yoshi, and Takagi, Akio, The Science Reports of the Tohoku University, Geophysics, Vol. 8, pp. 


74-85, 1956. 


The three papers reviewed here are the second contribution of Professor Takagi and his co-work- 
ers to the growing literature of seismic model studies. As in the previous work of the Tohoku Uni- 
versity group, two-dimensional models were used exclusively, with the emphasis being on the propa- 
gation of P, S, and Rayleigh pulses in simple geometries. 

The first paper of this set reports still another investigation of the Lamb problem, the source 
this time being a crystal disk transducer in a grease-filled hole. To the present reviewer’s knowledge, 
this technique is new, although Clay did similar (unpublished) experiments in 1954, and Sherwood 
has developed a different method of studying the interior of two-dimensional models. In the second 
paper, the amplitudes of P and S waves generated by a surface impulse are compared with the 
predictions of Honda, Nakamura, and Takagi. The agreement of theory with experiment is excellent 
for the P wave, fair for the S wave. 

Readers of Gropuysics will find the third paper most interesting. Secondary generation of 
Rayleigh waves by surface irregularities doubtlessly contributes to the complexity of seismograms. 
Such secondary waves appear on the model records from a step. Kato and Takagi identify not only 
P to Rayleigh wave conversions but also Rayleigh wave to Rayleigh wave events. In this study, 
both buried disk and surface incident sources were used. The identification would have been clearer 
if the arrivals had been labeled on the photographs as well as on the time-distance plots. A variation 
of the step geometry, that of a corner, is described also. Again the two types of conversions were 
found. 

The importance of the problems considered by the Tohoku University group and the ingenious 
techniques they have devised promise papers of increasing interest in the future. 

FRANKLYN K. LEvIN 
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PUBLICATIONS RECEIVED 


American Journal of Science, v. 255, nos. 7 & 8 (Summer & October, 1957) 

Annales de Géophysique, v. 13, nos. 1 & 2 (1957) 

Annali di Geofisica, v. 9. n. 4 (October, 1957) 

Boletin de la Asociacion Mexicana de Geologos Petroleros, v. 9, nos. 1-2, 5-6 (1957) 

Bulletin of the Chinese Association for the Advancement of Science, v. 5, nos. 1 & 2 (February & April, 
1957) 

Bulletin of the Earthquake Research Institute, Tokyo University, v. 35, part 1 (March, 1957) 

Bulletin of the Seismological Society of America, v. 47, nos. 3 & 4 (July & October, 1957) 

Department of Mines South Australia, Geological Survey, Mining Review, nos. 99 & 100 (1953 & 
1954) 

Department of Mines South Australia, Geological Survey, Report of Investigations for 1956, n. 7 

Deutsche Hydrographische Zeitschrift, v. 9, n. 6 (1956); v. 10, nos. 1 & 2 (1957) 

Economic Geology, v. 52, nos. 4 & 5 (June-July & August, 1957 

Erdél und Kohle, v. 10, nos. 7 & 8 (July & August, 1957) 

Geological Abstracts, v. 5, n. 3 (September, 1957) 

Geologisches Jahrbuch, vols. 72 & 74 (1957) 

Geophysical Abstracts, v. 169 (April-June, 1957) 

Geophysical Digest, v. 4, n. 4 (October, 1956); v. 5, n. 1 (January, 1957) 

Geophysical Notes, v. 10, n. 1 (June, 1957) 

Geophysical Prospecting, v. 5, n. 3 (September, 1957) 

Gerlands Beitrage sur Geophysik, v. 66, nos. 2 & 3 (1957 

Journal of the American Society of Safety Engineers, v. 2, n. 3 (August, 1957) 

Journal of Earth Sciences, Nagoya University, v. 5, n. 1 (March, 1957) 

Journal of Geophysical Research, v. 62, nos. 2 & 3 (June & September, 1957) 

Journal of Petroleum Technology, v. 9, nos. 7, 8, 9, & to (July—October, 1957 

Mining Engineering, v. 9, nos. 7, 8, 9, & 10 (July—October, 1957) 

Proceedings of the Cambridge Philosophical Society, v. 53, part 3 (July, 1957) 

Quarterly Journal of the Geological Society of London, v. 112, n. 448 (1957) 

Review of Scientific Instruments, v. 28, nos. 6, 7, 8, & 9 (June-September, 1957) 

Science, v. 126, nos. 3263-3278 (July 12—October 18, 1957) 

Science Reports of the Tchoku University, v. 8, n. 3 (March, 1957); v. 9, supplement (July, 1957) 

Scientific Monthly, v. 84, nos. 5 & 6 (May & June, 1957); v. 85, nos. 1, 2, 3, & 4 (July—October, 1957 

South Australia Department of Mines, Mining Review, n. 102 (1957) 

Soviet Physics JETP, v. 4, n. 6 (July, 1957); v. 5, nos. 1 & 2 (August & September, 1957) 

Transactions American Geophysical Union, v. 38, n. 4 (August, 1957) 


MISCELLANEOUS BOOKLETS AND PAMPHLETS 


Commonwealth of Australia, Department of Natural Development, Bureau of Mineral Resources, 
Geology and Geophysics. 
Bulletin No. 31. Daty, J., Urqunart, D. F., and Grsson, M. R., “Assaying of Radioactive 
Rocks and Ores.” (1956) 
Bulletin No. 35. Urquuart, D. F., “The Investigation of Deep Leads by the Seismic Refraction 
Method.” 

Disaster Prevention Research Institute, Kyoto University. Bulletin No. 15. Ozawa, Izvo, “Study on 
Elastic Strain of the Ground in Earth Tides.”’ (March, 1957) 
Bulletin No. 16. Yoxoo, Y., and Tsunopa, S., “Consideration on Mechanism of Structural 
Cracking of Reinforced Concrete Buildings Due to Concrete Shrinkage.”’ (March, 1957) 
Bulletin No. 17. Akar, K., “On the Stress Analysis and the Stability Computation of Earth 
Embankments.”’ (March, 1957) 
Bulletin No. 18. Isuizax1, H., “On the Numerical Solutions of Harmonic, Biharmonic and 
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Similar Equations by the Difference Method not through Successive Approximations.” (August, 
1957) 

Annual Report of the Director of Mines and Government Geologist for 1955 with Appendix. Adelaide, 
South Australia: Government Printer, 1956. 

Bi-annual Report (1955-1956) of the Mexican Scientific and Technical Documentation center. Sec- 
retary of Public Education. Mexico City: Centro de Documentacion Cientifica y Tecnica de 
Mexico, 1957. 

Salzer, Herbert E., and Roberson, Peggy T. Table of Coefficients for Obtaining the Second Derivative 
without Differences. San Diego: Convair-Astronautics, 1957. 
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WESTON CAWTHORNE KIMBALL 


Weston CAWTHORNE Kimpatt died on September 21, 1957, at his home in Houston, Texas, 
after an illness of several months. 

“Kim” was born in Green Bay, Wisconsin, on October 8, 1903. He attended the University of 
Wisconsin from 1922 to 1926 where he was a member of Beta Theta Pi. While at the university his 
association with Gordon Taylor, one of the pioneers in seismic exploration, led to Kim’s selection of 
geophysics as a career. He joined Taylor’s company, the Geophysical Exploration Company and 
worked in various capacities, eventually becoming party chief of a refraction crew operating in South 
Texas and South Louisiana. While stationed in Angleton, Texas, Kim met and subsequently married 
in September, 1929, Katherine Bennett, who survives him together with three children, Mrs. Robert 
Martin III, Weston C. Kimball, and Charles Theodore Kimball, and two grandchildren. 

In the latter part of 1931, the Geophysical Exploration Company sold its mechanical seismo- 
graphs to the Continental Oil Company, and Kim served in an advisory capacity with Conoco for 
several months. 

After his return to Texas, Kim joined The Texas Company in December, 1932, in the geophysical 
department. He later became a party chief and then supervisor for the South Texas division. In 
1947 he joined the Apache Exploration Company in an administrative and supervisory capacity. 
In 1951 he became a vice-president and in 1952 a member of its Board of Directors. 

During his association with the various phases of seismic work, Kim maintained his keen interest 
in interpretation and spent much of his time in this field. The discoveries based on his work are a 
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testimony to his ability. His quality of leadership through example, enhanced by his outstanding 
personality, made people willing and eager to perform with him and for him. 

No eulogy of Kim would be complete without reference to his sense of humor and his love of fun. 
He possessed the unique ability to work hard while he was working, to play hard while he was playing, 
and to recognize the proper time for each. His “ribbing,” his humor, his kindly nature, and the spark 
of devilment in his eyes will always be remembered by those who were privileged to know him. His 
many, many friends will agree that life was more pleasant because Kim was there. 

A. L. LADNER 
Houston, TEXAS 
September 24, 1957 
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CONTRIBUTORS 


ALBERT W. MusGRAVE was born in 1923 at Eads, 
Colorado. He spent two years in the Navy as a radio 
technician before his graduation from the Colorado School 
of Mines in 1947 with a degree in geological engineering 
(geophysics option). After spending three years on a field 
seismic crew with the Magnolia Petroleum Company, where 
he advanced to the position of seismologist, he returned to 
the Colorado School of Mines for advanced work. On a 
Magnolia Fellowship he obtained the degree of Doctor of 
Science in geophysics in 1952 and returned to work with 
the Magnolia Petroleum Company as a seismic party chief. 
His thesis ‘‘Wavefront Charts and Raypath Plotters,’’ was 
later published as a quarterly of the Colorado School of 
Mines. In 1954 he was made research geophysicist attached 
to the Dallas office of the Magnolia Petroleum Company. 
His work consists of applied research on special seismic » 
problems in velocity surveying, refraction profiling, and 
reflection interpretation. 

Dr. Musgrave is a member of the Society of Exploration Geop hysicists, the American Association 
of Petroleum Geologists, the European Association of Exploration Geophysicists, the Tau Beta Pi 
Society, and the Scientific Research Society of America. In 1957 he was second vice-president of the 
Dallas Geophysical Society and a member of the Joint Geological and Geophysical Committee on 
Public Information. 


ALBERT W. MvusGRAVE 


D. M. Nasu, Jr. was born in Dallas, Texas, in 1926. 

He served as a radio officer with the U. S. Navy during 
World War II. After the wartime interruption he com- 
pleted his college training in 1948, and from the University 
of Texas he received the degree of B.S. in Electrical Engi- 
neering. 

Upon his graduation he was employed by the Magnolia 
Petroleum Company to work in their geophysical depart- 
ment. After he advanced to the rank of seismic party chief, 
he was transferred to the Socony Mobil Oil Company, Inc., 
for a brief period. He was afterwards assigned to the geo- 
physical laboratory of the Magnolia Petroleum Company 
for three years before he was given his present position as a 
geophysicist in its West Texas district at Midland. 

Mr. Nash is a member of the Society of Exploration 
Geophysicists. 


D. M. Nasu, Jr. 
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CONTRIBUTORS 


Joun I. Brustap was born in Minot, North Dakota. 
In 1942 he received the degree of B.S. in Chemical Engi- 
neering from the University of North Dakota. 

Aiter two years of association with the U. S. Rubber 
Company in the production of TNT, he joined the U. S. 
Army and saw duty in the Pacific Theater. 

After his discharge from the service he located in Cali- 
fornia. There he worked for the Richfield Oil Company for 
three years. Upon receiving a master’s degree in mathe- 
matics from the University of Southern California in 1951 
he joined the Western Geophysical Company of America as 
a staff mathematician. 

Early in 1957 he joined the Convair corporation to 
work in the guided missile field. 

He is a member of the Society of Exploration Geo- 


jon LB physicists and of its Pacific Coast Section. 
HN I. BRuSTAD 


WitiaM C. DEAN received his B.S. degree in 1949 
from the Carnegie Institute of Technology and his M.S. 
in Electrical Engineering from the same institution in 1950. 
In 1951 and 1952 he held a research fellowship there and 
was engaged in research on gaseous conduction phenomena 
in thyratrons for which he was awarded the Ph.D. in 1952. 

From 1952 to the present he has been employed by the 
Gulf Research and Development Company as a research 
geophysicist. 

Dr. Dean is a member of the Society of Exploration 
Geophysicists, the Institute of Radio Engineers, Sigma Xi, 
and Eta Kappa Nu. 


C, DEAN 
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GiLBERT W. EHLERT, a native of Texas, entered the 
School of Engineering of the University of Texas in 1940. 

There he completed two years of study before he joined 
the Signal Corps of the U. S. Army. In his tour of duty he 
served as a radio repairman, teletype operator, and in- 
structor in teletype operation. After his discharge from the 
service he resumed his studies at the University of Texas, 
and in 1948 he received the degree of B.S. in Mechanical 
Engineering. 

Since his graduation he has been employed in the geo- 
physical department of the Magnolia Petroleum Company. 
He is now a seismic party chief doing experimental field 
work. 

Mr. Ehlert is a member of the Society of Exploration 
Geophysicists. 

GILBERT W. EHLERT 


W. A. KNox was educated for the priesthood at St. 
Anthony’s Seminary, Santa Barbara, California. 

During World War IT he served in the U. S. Army Air 
Forces, and he became chief navigation officer of the Thir- 
teenth Bomber Command in the South Pacific Theater. 

In 1946 he joined the Western Geophysical Company, 
and he is now a vice-president of the Western Geophysical 
Company of Canada, Ltd. 

He is a member of the Society of Exploration Geo- 
physicists, the American Geophysical Union, and the 
American Association for the Advancement of Science. 
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CONTRIBUTORS 


Epwin B. NeiTzeL received the degree of B.S. in 
Electrical Engineering with high honors from Southern 
Methodist University in 1950 and the degree of M.S. in 
Electrical Engineering from the University of Texas in 
1952. From 1951 to 1952 he was employed as a research 
engineer at the Electrical Engineering Research Laboratory 
of the University of Texas. 

Since 1946, except for the time at the University of 
Texas, he has been employed on either a part time or a full 
time basis by The Atlantic Refining Company. From 1946 
to 1951 he held various positions in field seismic exploration. 
Since 1952 he has been an electrical engineer with the At- 
lantic geophysical laboratory. During this time he has 
worked on electrical prospecting, experimental studies of 
seismic signal detection, weight dropping seismic methods, 
and special purpose seismic computers. 

He is a member of the Institute of Radio Engineers, 
the IRE Professional Group on Audio, the Society of Ex- 
ploration Geophysicists, the American Geophysical Union, the Dallas Geophysical Society, Kappa 
Mu Epsilon, and Sigma Tau. 


EpwIin B. NEITZEL 


Cart H. Savir was born in New York City in 1922. 
He did his undergraduate work in mathematics and physics 
at the California Institute of Technology, and he was a 
graduate student and teaching fellow there for four years. 
Mr. Savit has done research in statistics, statistical 
meteorology, and upper atmosphere physics. 
He was with the U. S. Army Air Forces for two years 
and was stationed for duty as a project officer at Wright 
Field, Ohio, and Alamogordo, New Mexico, working prin- 
cipally in upper atmosphere physics. 
Mr. Savit is presently the chief mathematician of the 
Western Geophysical Company with which he has been 
associated since 1948. He is a member of the Society of Ex- 
ploration Geophysicists, the European Association of 
Exploration Geophysicists, the American Mathematical 
Society, the Mathematical Association of America, and the 
Society of Sigma Xi. In SEG he has served as vice-president Cart H. Savit 
of the Pacific Coast Section and chairman of the Distin- 
guished Lectures Committee; and he is now a member of the Reviews Committees of SEG. 
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JosEpH SwweR was born in New York City on May 9, 
1927. He received the B.S. degree in mathematics in 1949 
from the University of Denver following a period with the 
Navy as a radar technician and as a student at the Col'ege 
of the City of New York. In 1952 he received the M.S. de- 
gree in mathematics from the University of California at 
Berkeley. 

During 1952-1953 Mr. Sider served as aeronautical 
research scientist with the National Advisory Committee 
on Aeronautics at Edwards Air Force Base. He was as- 
sociated with the Western Geophysical Company at Los 
Angeles from 1953 to 1955 as staff mathematician. Since 
1955 Mr. Sider has been with the International Business 
Machines Corporation as an applied science representative. 


CONTRIBUTORS 


James Paut WESLEY 


with the University of California Radiation Laboratory at Livermore. 


JorsPH SIDER 


James Pavut WEsLEy was born in 1921. He received 
the B.A. degree in 1943 from the University of Minnesota, 
the M.A. in 1949 from the University of California at Los 
Angeles, and in 1952 the Ph.D. in mathematical physics 
from the latter university. He completed his doctoral 
thesis on electromagnetic radiation from a coaxial antenna 
while he was a research fellow at the Institute for Numeri- 
cal Analysis, NBS. 

He spent the year 1951-1952 as a research fellow in 
physics at the Scripps Institution of Oceanography working 
on the Sommerfeld problem of dipole radiation in a half 
space. He was a professor of physics at the University of 
Idaho for three years (1952-1955). He spent the summer 
of 1954 at the Institute of Geophysics at the University of 
California at Los Angeles. As a consultant he became inter- 
ested in the problems of electromagnetic geophysical ex- 
ploration. In 1955 he worked for Newmont Exploration 
Limited. Since that time he has been a theoretical physicist 


Biographies and photographs of the following authors appear in earlier issues of GEOPHYSICS as 


follows: Haro von Buttlar, v. 22, pp. 735-736; Richard H. Frische, v. 22, p. 732; Mark K. Smith, 


V. 21, p. 509; James R. Wait, v. 21, pp. 509-510; J. E. White, v. 18, p. 244. 
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SOCIETY ROUND TABLE 
COMMITTEES FOR THE YEAR ENDING IN 


COMMITTEE 


OCTOBER 1958 


President: O. C. CiirrorD, Jr., The Atlantic Refining Co., Dallas, Texas 
Vice-President: BEN F. RUMMERFIELD, Century Geophysical Corp., Tulsa, Oklahoma 
Secretary-Treasurer: Howarv E. ItteNn, Empire Geophysical Inc., Ft. Worth, Texas 
Editor: LAWRENCE Y. Faust, Amerada Petroleum Corp., Tulsa, Oklahoma 

Past President: Roy F. BENNETT, Sohio Petroleum Co., Oklahoma City, Oklahoma 


Nominations 
O. C. CiirForp, Jr., Chairman 
Roy F. BENNETT 
R. C. DunzapP, JR. 


Tellers 
To be appointed. 


Education 
Josuua L. Soske, Chairman 
Victor J. Brum, S.J. 
P. E. DEHLINGER 
G. D. GARLAND 
J. W. Hoover 
J. B. Hupson 
V. VACQUIER 


Student Membership 
W. H. Courtier, Chairman 


Distinguished Lectures 


Joun BemroseE (’59) 
Mitton Born (’59) 

M. E. Denson, Jr. (’58) 
R. A. PETERSON (’58) 


Radio Facilities 
B. D. LEE, Chairman 
W. M. Rust, Jr., Vice- 

Chairman 

C. B. Bazzont 
RICHARD BREWER 
V. RoBert KERR 
E. M. SHooxk 
DANIEL SILVERMAN 
Bart W. SoRGE 


Membership 
Joun C. Chairman 


Honors and Awards 
SIGMUND HAMMER (’58) 
Chairman 
Curtis H. Jonson (’59) 
Roy L. Lay (’60) 
Paut L. Lyons (’61) 


Publications 


H. GREEN, Chairman 
Henry C. Cortes 
SicMUND I. HAMMER 

H. B. PEAcock 

ROBERT J. WATSON 


Reviews 

FRANKLYN K, Levin, 
Chairman 

W. T. Born 
Tuomas A. ELKINS 
W. W. GarvIN 
SicmunD I. HAMMER 
CHuwaAN-CHANG LEE 
Joun E. NAFE 
Cart H. Savir 
V. VACQUIER 
James E. WHITE 


Geophysical Activity 
H. G. Patrick, Chairman 
KENNETH L. Cook 
R. J. CopELAND 
W. W. Harpy 
HERBERT Hoover, Jr. 
Santos FIGUEROA HvERTA 
C. N. Hurry 
Kumiyi 
C. C. Lister 


Safety 
To be appointed. 


Mining Geophysics 
C. Hotmer, Chairman 
KENNETH L. Cook 
H. V. W. DonoHoo 
WALTER E. HErnricus, JR. 
LERoy SCHARON 
R. Maurice Tripp 
STANLEY H. WarD 


Case Histories 
To be appointed. 


Constitution and Bylaws 
W. M. Rust, Jr., Chairman 
Henry C. CortTES 
ANDREW GILMOUR 
Cecit H. GREEN 
S1GMUND HAMMER 
J. J. JAKOsKy 
L. L. NETTLETON 


Membership in American 
Institute of Physics 
Norman H. Ricker, Liaison 
Member 
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Research 
W. T. Born, Chairman 


Research Subcommittee on 
University Symposia 


To be appointed. 


Research Subcommittee 
on Thesis Subjects 


To be appointed. 


Research Advisory Com- 
mittee on Rice Institute 
Symposium 
To be appointed. 


Index of Wells 
V. U. GaitHER, Chairman 


Magnetic Recording 


J. D. Sketton, Chairman 
KeitH R. BEEMAN 
ROLAND F. BEERS 
K. E. Burc 

J. D. Erster 

GLENN M, GROSJEAN 
J. E. HAWKINS 

K, M. LAWRENCE 

B. D. LEE 

G. B. Lorer 

R. A. PETERSON 

E. B. TicKELL 

F. A. VAN MELLE 


Magnetic Recording Sub- 
committee on Definitions 
& Measurement 


L. W. Eratu, Chairman 
R. A. ARNETT 
FRANK COKER 

J. M. CUNNINGHAM 
J. J. DuRAPAU 

F. J. FEAGIN 

H. R. FRANK 
RoGER HARLAN 

R. W. KELLEY 

L. B. McMANIs 

R. C. Moopy 


AU 


etic Recording 
ommittee on 
Recorder Characteristics 


S. KaurMan, Chairman 
A. L. PARRACK 


American Geological 
Institute Directors 


R. C. Duntap, Jr. (’58) 
Roy F. Bennett (’59) 


AGI Glossary 


R. A. GEYER, Chairman 
L. W. Brau 

D. S. HuGHES 

Paut L. Lyons 

L. L. NETTLETON 

D. SKEELS 

I. A. VAN WEELDEN 

J. Tuzo Witson 


Geophysical Society of Tulsa 


Chartered February 2, 1948 

Frank Searcy, pres. 

T. S. Green, 1st 0-pres. 

F. R. Kittredge, 2nd v-pres. 

P. M. McNally, éreas. 

R. L. editor 

S. E. Giulio, secty. The Carter Oil 
Co., Box Sor, ulsa 2, Okla. 

Meetings: Monthly, and Thursday, 
7:00 P.M., meeting only, Univer- 
sity of Tulsa, room 224, Petroleum 
Science Hall 


Houston Geophysical Society 


Chartered February 14, 1948 

G. P. Montgomery, Jr., pres. 

J: M. Wilson, rst v-pres. 
. C. Sellers, 2nd v-pres. 
Pascall, éreas. 
. J. Marti, secty. Union Oil Co. of 
Calif., 800 Prudential Bldg., 
Houston, Texas 

Meetings: Monthly, Noon luncheon 
($1.65), Rice Hotel 


Pacific Coast Section SEG 


Chartered April 12, 1948 

Flint H. Agee, pres. 

C. A. v-pres., N.D. 

Lawrence S. Mornison, 2-pres., S.D. 

F. E. Schultz, o-pres., 'S.D. 

William L. Basham, secty, Std. Oil 
Co. of Calif, 315 W. oth St., Los 
Angeles, Calif. 

Meetings: Monthly, 2nd Thursday, 
Noon luncheon ($2.00), Biltmore 
Hotel, Los Angeles 


Dallas Geophysical Society 


Chartered August 7, 1948 
R Rettger, pres. 
Chester Donnally, o-pres. 
A. W. Musgrave, 2nd v-pres. 
Wm. C. Wooley, secty. olia Pet- 
roleum Co., Box goo, las, Texas 
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AGI Committee on 
Licensing 


A. E. McKay, SEG MemBer 


Business Office 


CraiG Ferris, Chairman 
James JOHNSON 


National Research Council! 
Div’n of Earth Sciences 
Representative 


R. D. WyckorF 


AAAS Council 
Representative 


Ro anp F. BEErRs 


Radioactive Mineral 
Exploration 


BEN F. RUMMERFIELD, 
Chairman 


LOCAL SECTIONS 


Meetings: Monthly, usually 2nd 
Monday, 8:00 p.m. Fondren 
Science Building, Southern Meth- 

t University 


Fort Worth Geophysical Society 


Chartered August 7, 1948 

C J. pres. 

O. A. Strange, 0-pres. 

D. T. McCreary, secty. The Texas 
Co., Box 1720, Fort Worth ,Texas 

Meetings: Monthly, 4th Monday, 
Noon luncheon ($1.50), Texas 
Hotel 


Ark-La-Tex Geophysical Society 
Cad) March 12, 1949 
pres. 
Bill cer, 0-pres. 
Spradlin, secty. The Ohio Oil 
P.O. Box 1129, Shreve- 
porte Louisiana 
Meetings: Monthly, last er. 
Noon luncheon ($1.50), Captain 
Shreve Hotel, Shreveport 


Permian Basin Geophysical Society 
Chartered January 30, 1950 
ax Pinson, pres. 
F. Owings, 1st v-pres. 
E. Fickinger, 2nd »-pres. 
B. A. Heidt, éreas. 
J. E. Clark, secty. Box 1018, Mid- 
land, Texas 
Meetings: Monthly, 2nd Tuesday 
Kiddies P.M., free coffee & donuts, 
d Women’s Club, Midland, 


Denver Geophysical Society 
Chartered May 19, tos50 
R. C. Kendall, pres. 
Thompson, 0-pres. 
C. B. Smith, Jr., secty. “Continental 
» 357% Grape St., Denver, 
0. 


E. R. Gorpon 

A. J. HINTzE 

Joun C. HOLLISTER 
F. H. LAHEE 

Paut L. Lyons 

L. W. MACNAUGHTON 
Joun Masters 

A. Garcia Rojas 
STan. L. ROsE 


SEG Committee on IGY 
Paut L. Lyons, Chairman 


Publicity and Public 
Relations 


Bart W. Sorce, Chairman 


Sustaining Membership 
L. O. SEAMAN, Chairman 


Monthly, rst Monday, 
5:30 P.M., meeting only. Petro- 
leum Club, Denver 


Canadian SEG 
Chartered January 24, 1952 
George J. Blundun, pres. 
John Fuller, v-pres. 
Lorne H. Reed, secty. Universal 
Seismic Surveys, Ltd., = 14th 
St. N.W., Calgary, Al 
Meetings: Monthly, no set an 


ee Society of Oklahoma 


3° 1952 
W. B.R 


H. R. DeVinna, secty. Central Ex- 
ploration Co., 13 NE 28th, Okla. 
City, Okla. 

Meetings: Monthly, and or 3rd 

onday. Time and place to be 
announced 


Casper Geophysical Society 
Chartered May 23, 1953 
Dupree McGrady, pres. 
A. C. Austin, -pres. 
R. L. Billings, secty. Forest Oil 
Wane, 254 N. Center St., Casper, 


7:00 P.M., dinner ($2.75), Town- 
send Hotel, Casper, Wyoming 


Geophysical Society of South Texas 
Chartered November 9, 1953 
ag R. Gray, pres. 
m. Harry Mayne, 0-pres. 
yar W. E. Edmonson, 
713 First Nat’l Bank Bldg., San 
Antonio 5, Texas 
Meetings: 1st and 3rd Wednesdays, 
Noon luncheon, Sommers Cafe- 
Main Plaza, San Antonio 
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Southeastern Geophysical Society 
Chartered I, 1054 

Merrill Smith, pres. 

Wm. G. 


o-pres. 
G. F. Berry, secty. 20, Conds 
Bldg., New Orleans, 
Meetings: Monthly, ‘3rd 
Noon luncheon ($1.50), t. 
Charles Hotel, New Orleans 


Montana Geophysical Society 
Chartered April 12, 1954 
Jack W. Peters, pres. 
C. F. Moore, Jr., 1st 9-pres. 
Phillip Hendricks, and 9-pres. 
Ward roth, secty-treas. 
Co., Box 1982. 


The 
Billings, Montana 
Meetings: Monthly, 2nd Monday, 
7:30 PM, Bi ings Petroleum 
Club 
Jackson Geophysical Society 
Chartered May 12, ross 
W. J. Robinson, pres. 


Colorado School of Mines S Society of 


Ernest Berkman, secty. Department 
of Geophysics, Colorado School of 
Mines, Golden, Colorado 

Meetings: Monthly, 2nd Monday, 
4:00 P.M. 


Conese Society of Saint Louis 
niversity 
Wm. Reeves, secty. Saint Louis 
t 
Meetings: Monthly, Wednesday 
7:30 P.M., meeting only, Institute 
of Technology 


SEG Houston Student Section 


Reed B. Kubena, secty. Box 6527, 
Houston, Texas 
Meetings: to be announced 
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R. C. Cole, 2-pres. 

J. E. MacGregor, secty. The Cali- 
fornia Company, Box 2606, Jack- 
son, 

Meetings: Monthly, during 3rd week, 
5:30 P. ool 6: P. 


— 
Hotel, 


Southwest Louisiana Geoph 1 
Society 


Chartered Jan 4, 1956 
V. Hargis, "rst 
W. w. Daly and 0-pres. 
Lawrence Ott, secty. Tidewater 
= Co., Box 1147, OCS, Lafay- 


te, Louisiana 
to be announced 


Utah Geophysical Society 
Chartered October 29, 1956 
. R. Cheney, pres. 
. J. Lacy, 1st o-pres. 


STUDENT SOCIETIES AFFILIATED 
Toronto Geophysical 


John E. Hogg, secty. 49 St. George 
Street, Toronto 5, Ontario 
Bi-weekly, alternate 


Meetings: 
4:00 BM, 49 St. 


Hugh — secly. Department of 
Geophysics, 600 South College, 
Tulsa, Oklahoma 


Meetings: Weekly, Thursday, 4:00 
P.M., Petroleum Science Bidg. 


Trans-Pecos Student Section 


John T. Sample, Jr., secty. Box 56, 
Texas Western College, El Paso, 


‘exas 
Meetings: to be announced 


D. E. Smith, 2nd v-pres. 

E. W. Morris, secty. General Petro- 
leum Co 53 East 4th 
South, Lake City, Utah 


Dakota Geophysical Society 
To be chartered 
Hag = Phillips, pres. 
Ist pres. 


ver 
R. Phair, secty. oundup Powder 
Company, Box 452, Bismarck, 
orth Dakota 
Meetings: Monthly, rst doggy 30 
P.M., Petroleum nee 
Hotel, Bismarck, North Dakota 


New Mexico Geophysical Society 
Chartered September 18, 1957 
J. C. Eley, pres 
F. A. Grimm, Ist 0-pres. 
W. P. Scaife, 2nd v-pres. 
R. V. Smith, secty. Shell Oil Com- 
ny, 5 South Plains Park 
rive, Roswell, New Mexico 


Pennsylvania State University Geo- 
physical Society 
Wm. R. England, secty, College of 
University 
Meetings: to be announced 


University of Utah Geophysical 
Society 


Howard L. Confer, secty. College of 
Mines and Mineral Industries, 
Salt Lake City 1, Utah 

Meetings: Monthly, 1st Thursday, 
Noon, Mines Building. Other 
special meetings to be announced 


A & M College of Texas Student 
Geophysical Society 


Edward C. Hanson III, secty os 
logy and geophysics dept., A&M 
College of Texas, College Station, 
Texas 
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MEMBERSHIP APPLICATIONS RECEIVED 


Applications for active membership have been received from the following candidates. This 
publication does not constitute an election but places the names before the membership at large, in 
accordance with Bylaws, Article III, Section 4. References are listed in parentheses following the 
name of each candidate. If any member has information bearing on the qualifications of these candi- 
dates he should send it to the president within thirty days. 


APPLICATIONS FOR ACTIVE MEMBERSHIP 


H. H. Bradfield (A. A. Hunzicker, Holland C. McCarver, Roy L. Lay, T. L. Kunkel) 
Ben F. Ehrlich (J. R. Ording, Derry H. Gardner, R. R. Thompson) 

Sheldon E. Elliott (J. E. Bondurant, R. G. Piety, Ralph C. Loring) 

Gerald D. Fawcett (Maurice Sklar, John Sloat, Willard Strangman, Donald L. Olson) 
Arthur M. Field (J. S. Page, J. A. Lester, R. M. Nugent, A. W. Musgrave) 

G. W. Guiling (Maxey Pinson, Leorenz Shock, B. F. Owings, J. E. Clark) 

S. S. Rajsfus (Raoul Giret, W. B. Agocs, Vladimir Baranov, David J. Leeds) 

M. L. Randall (W. J. Osterhoudt, Sidney Schafer, J. R. Schander, B. W. Walton) 

A. T. Roux (Oscar Weiss, G. L. Paver, J. F. Enslin, J. W. N. Sharpe) 

Juan I. Spescha (Rodolfo A. Hernandez, Eufrasio Orellana, Metello Cesanelli, E. L. Cebrelli) 
Ira H. Stein (Howard Itten, J. A. Cubertson, Tom Lawhorn, Sidney Schaffer) 

John D. Storm (John P. Lukens, G. D. Gibson, D. F. Smith, Kenneth McDonald) 

S. H. Van Wambeck (A. A. Hunzicker, John D. Marr, F. F. Reynolds, T. F. Dupont, Jr.) 
T. B. White (O. C. Clifford, Jr. Richard Brewer, John T. Murphy, Jr. Hugh McCain, Jr.) 
Robert J. Zavadil (W. H. Murphy, C. P. Felix, Oris D. Massey, Roy G. Quay) 


APPLICATIONS FOR TRANSFER TO ACTIVE MEMBERSHIP 


Joy J. Anneler (Miller W. Quarles, Jr., Hrebert Schlundt, E. E. Conant) 
J. A. Hudson (M. B. Dobrin, J. C. Hoffman, T. A. Halbrook) 

Alfred E. LaPointe (G. A. Burton, G. H. Samuels, L. B. Stumpf) 

Carl D. McKeever (L. G. Ellis, R. H. Hopkins, G. M. Conklin) 
Kenneth W. Paul (George T. Meredith, M. King Hubbert, H. E. Stommel) 
James R. Root (J. C. Baxter, S. O. Patterson, Nash Miller) 
E. W. Rosen (R. H. Rainey, C. M. Moore, Jr., R. D. Everett) 


ANNOUNCEMENTS 


ELEVENTH MIDWESTERN EXPLORATION MEETING 


The Geophysical Society of Tulsa and the Tulsa Geological Society will be co-hosts in sponsoring 
the Eleventh Midwestern Exploration Meeting of the Society of Exploration Geophysicists to be 
held in Tuisa, Oklahoma, on April 17 and 18, 1958. 

The Central Steering Committee will be: 

W. M. Erdahl, Skelly Oil Co., General Chairman 

James L. Martin, Jr., Sinclair Oil and Gas Co., Co-chairman 

James F. Johnson, Sinclair Research Laboratories, Inc., Program Chairman 

C. W. Alcock, Atlantic Refining Co., Program Co-chairman 
Frank E. Brown, Republic Exploration Co., Arrangements Chairman 
R. D. Faxon, Keener Oil Co., Arrangements Co-chairman 
E. H. Weltsch, Century Geophysical Corp., Finance Chairman 
Harry True, Schlumberger Well Surveying Corp., Finance Co-chairman 
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The theme of the meeting will be Stratigraphic Traps. The Technical Program Committee 
earnestly requests that any persons having papers to present at this meeting submit their titles 
and abstracts promptly to the committeeman in the author’s area so that the complete program 
can be closed on February 28, 1958, as a final deadline. Let it also be emphasized that 
papers need not be confined to the general theme of the meeting. Papers on the theoretical or experi- 
mental phases of geophysics are especially welcome, for communications of this type are depended 


upon for publication in this journal. 
The Technical Program Committee is composed of: 
Norman Ricker, Carter Oil Co., Box 801, Tulsa, Okla., Chairman 
H. F. Dunlap, Atlantic Refining Co., Box 2819, Dallas, Tex. 
Sidon Harris, Southern Geophysical Co., Box 12217, Fort Worth, Tex. 
John Bemrose, Sohio Petroleum Co., 1300 Skirvin Tower, Oklahoma City, Okla. 
George A. Grimm, Tide Water Associated Oil Co., Box 1231, Midland, Texas 
B. C. Tucker, Union Producing Co., Box 1407, Shreveport, La. 


AEC OPENING FOR GEOPHYSICIST 


The Atomic Energy Commission has requested SEG to announce an opening in Denver, Colo- 
rado, for a graduate geophysicist or physicist. The duties involve development, modification, testing, 
and evaluation of geophysical techniques for applicability to uranium. The salary will range from 
$6390 to $8645. Address inquiries to U. S. Atomic Energy Commission, Grand Junction Operations 
Office, Grand Junction, Colorado. 


NEW HEADQUARTERS FOR THE AMERICAN INSTITUTE OF PHYSICS 


On October 21, 1957, a number of distinguished scientists and educators gathered in New York 
City for the dedication of the new headquarters of the American Institute of Physics at 335 East 45th 
Street, in the immediate neighborhood of the United Nations headquarters. This new structure, pro- 
viding three times the amount of space that was available at the old headquarters, will facilitate the 
work of the Institute whose staff in the past fourteen years has grown from twenty-five to sixty-five 
and whose membership has more than doubled. 

The Institute is actually a federation of five professional physical societies, and it is concerned 
primarily with the advancement and publication of physical research, the most important result of 
which is the annual appearance of over 19,000 pages of literature. 

These ceremonies also provided occasion for the establishment of two memorials to the late Dr. 
Karl Taylor Compton who was one of the founders of the AIP and the first chairman of its Governing 
Board. The Karl Taylor Compton Memorial Room was dedicated, and the first Karl Taylor Compton 
Gold Medal for distinguished service in physics was awarded to Professor George B. Pegram of 
Columbia University. 


NEW DEVELOPMENTS IN THE NAS-NRC OFFICE OF CRITICAL TABLES 


A communication from President Detley W. Bronk, of the National Acacemy of Sciences- 
National Research Council, will be of great interest to all physicists, chemists, and engineers who 
have been concerned over the obsolescence of the International Critical Tables. 

On October 7, 1957, Dr. Guy Waddington, a physical chemist of international repute, assumed 
the directorship of the Office of Critical Tables in the Division of Chemistry and Chemical Technol- 
ogy. A major function of this office will be to coordinate several data compilation projects now in 
progress and to maintain an index of available tables and a directory of these projects to assure the 
ready availability of scientific numerical data to American science and industry. 

By January 1, 1958, an Advisory Board on Critical Tables will have been established with fifty 
or more members representing the various governmental agencies and scientific and technical or- 
ganizations having interests in critical data compilations. 

All of this is good indication that more up-to-date material will be available in the near future to 
supplement the invaluable work done from 1926 to 1933 under the auspices of the NAS-NRC. 


wih 
= 


SOCIETY ROUND TABLE 


NEW LABORATORIES FOR NEWMONT 

This insert shows the new geophysical and metallurgical laboratories of Newmont Exploration 
Ltd., located on Briar Ridge Road between Danbury and Ridgefield, Connecticut. 


This is one of the first laboratories ever built for mining geophysical development. Since 1947, 
however, when it initiated use of the overvoltage method, Newmont has been actively engaged in 


mining geophysics. 


IRE INAUGURATES AFFILIATE PLAN 


The Board of Directors of the Institute of Radio Engineers has recently adopted a plan which 
will permit qualified non-IRE members to become affiliated with certain of the IRE professional 
groups without first joining the IRE itself. 

In connection with this plan, it is now possible for members of the Society of Exploration Geo- 
physicists to join the IRE professional group on instrumentation as “affiliates.” This group issues a 
quarterly journal devoted to new electronic measurement and instrumentation techniques, sponsors 
national meetings during the year, and has local chapters in Atlanta, Chicago, Houston, Long Island, 
and Washington, D. C. These services are available to affiliates for a fee of $5.50 per year. 

Further information may be obtained by writing to the Institute of Radio Engineers, Inc., 1 East 
7oth Street, New York 21, N. Y. 


STAFF CHANGES AT M.LT. 


The following staff changes have taken place in the Department of Geology and Geophysics at 
M.I.T. Walter L. Whitehead retired last June but continued as director of the 1957 M.I.T. Summer 
School of Geology at Crystal Cliffs, Nova Scotia, and has been appointed lecturer in geology at 
M.L.T. and visiting professor at St. Francis Xavier University, Antigonish, Nova Scotia. Herbert E. 
Hawkes resigned to accept a professorship in the division of mineral exploration, University of Cali- 
fornia (Berkeley). William S. von Arx and J. Brackett Hersey, physical oceanographers at Woods 
Hole Oceanographic Institution, have been appointed associate professors and will again offer a 
lecture course in Physical Oceanography at M.I.T. as well as supervising graduate thesis work of 
M.I.T. students at Woods Hole. Arthur J. Boucot, formerly geologist with the U. S. Geological Survey 
and last year a Guggenheim Fellow in Europe, joined the staff as assistant professor of geology. He 
will offer work in paleontology and sedimentology and direct the M.I.T. summer school of geology. 
Harry Hughes, scientific officer, United Kingdom Atomic Energy Authority, is visiting lecturer in 
geophysics during the present school year while Stephen M. Simpson, Jr., assistant professor in geo- 
physics, is on leave. James C. Savage has been appointed lecturer in geophysics, Theodore R. Madden 
will continue as lecturer, and Norman H. Haskell as research associate. 
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In the Department of Meteorology, Norman A. Phillips has been appointed associate professor 
and Lewis D. Kaplan has joined the staff after returning from a year at Imperial College, London. 
Dr. Phillips recently received the Napier Shaw Memorial Prize of the Royal Meteorological Society 
for his paper, ““The General Circulation of the Atmosphere: A Numerical Experiment,” and will con- 
tinue his pioneering work in this area. Dr. Kaplan will continue his fundamental research on long- 
wave radiation in the atmosphere. 

These staff changes and additions in the departments of Geology and Geophysics and of 
Meteorology are in line with a long-range plan to develop at M.I.T. an integrated program of in- 
struction and research in al] of the earth sciences. 


PERSONAL ITEMS 


RICHARD BREWER has joined the firm of C. B. Reed and Associates which maintains offices in 
Austin and Fort Worth, Texas, and Washington, D. C. 


GeorGE H. ZwIizEBEL, JR., has been assigned to Tripoli, Libya, as seismic party chief for Namco 
International, the foreign operations affiliate of the National Geophysical Company, Inc. Mr. 
Zwiebel has been with National Geophysical for nearly eleven years. His new address is: 


c/o Namco International 
P.O. Box 677 
Tripoli, Libya 


Victor VaAQuieER, formerly professor of geophysics at the New Mexico Institute of Mining and 
Technology, is now research geophysicist at the Scripps Institution of Oceanography, University of 
California, La Jolla, California. His new address is: 


Marine Physical Laboratory 
San Diego 52, California 


The name of the geological and geophysical firm of Johnson and Straley has been changed to 
H. W. Straley, with offices in the Seneca Trail Building, Princeton, West Virginia. The firm’s business 
activities and personnel, except for the late Mr. W. R. Johnson, Jr., will remain the same. 


ALBERT P. Crary is leading a group of five IGY scientists and two Navy men who planned to 
leave Little America on October 24 on the first leg of a 1,500-mile Antarctic traverse, Dr. Laurence 
M. Gould, Director of the US-IGY Antarctic Program, has announced. Their departure, which was 
scheduled for October 22, was delayed because of near blizzard weather. 

The traverse, the first of several to be undertaken by IGY scientists during this year’s IGY 
Antarctic program, was to cover the Ross Ice Shelf as far as McMurdo Sound then swing south up 
to the Beardmore Glacier, and return to Little America. The area covered by the traverse is roughly 
comparable to that of California. 

The purpose of the traverse, Dr. Gould said, is to gather detailed information about the forma- 
tion and present character of tlie floating ice sheet that makes up the Ross Ice Shelf as well as to de- 
termine ice thicknesses and water depth by seismic methods. 

Ice surface elevation will also be determined. 

Other measurements will be made of the earth’s magnetic field strength and magnetic compass 
variations. Gravity studies will be made throughout the traverse, as will meteorological measurements 
of temperature, pressure, humidity, and wind, and wind drift patterns. The party will also survey 
mountain peaks and ranges along the route of the traverse. 


Appointment of Ropert W. OLson as vice president-research and engineering of Texas Instru- 
ments Incorporated, and E. O. VeTTER as general manager of TI’s Industrial Instrumentation di- 
vision at Houston, was announced by P. E. HaGGEerty, executive vice president. 
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Expansion of Latin American operations of Geophysical Service Inc. has prompted several ap- 
pointments in supervisory personnel for that area, announced GSF vice president J. W. Thomas. 

Thomas in charge of Latin American operations for the Dallas-based petroleum exploration firm, 
said G. J. Kohler, Jr., has been named manager of Latin American operations. Reporting to Kohler 
will be four regional operations managers. 

Rodolfo Martin will direct GSI operations in Mexico from Mexico City. John Donna is super- 
visor for the area. C. J. Spivey will remain in Caracas as manager of Venezuelan operations. P. S. 
Stoutjesdyk, in Rio de Janeiro, will manage Brazilian operations. H. L. Heggy and P. E. Swensen 
will be supervisors in Brazil. GSI’s Andean operations will be managed from Lima, Peru, by D. W. 
Rockwell, with Murrell Holbert as supervisor in Bogota, Colombia. 

Thomas said the appointments were made in order to assure GSI field parties of continued “‘on- 
the-ground”’ supervision during their operations in Latin America. Further appointments are to be 
made shortly in Bolivia and Guatemala. 


V. L. Jones, 1412 South Norfolk, Tulsa, Okla., has the following issues of Geopuysics for sale: 


Vv. 14, NOs. I, 2, 3, & 4; v. 15, nos. 1, 2, 3, & 4; v. 16, nos. 1 (2 copies), & 2. 


FreLpInG MITCHELL, Box 120, Denver, Colorado, would like to obtain copies of the following 
issues of GEOPHYSICS: 


v. 7, nos. 3 & 4 (July & October, 1942); v. 10 nos. 2 & 4 (April & October, 1945). 


He has a few numbers of Gropuysics for the years 1946 to 1949 which he would trade for the above 


issues. 


Lr. (j.g.) Ropert E. MacDovcat, USN, and Miss Gayte Hone, both formerly associated with 
the Columbia Geneva Steel Co., Provo, Utah, were married in San Francisco on June 29, 1957. 


Henry C. Cortes died December 6, 1957 in Honolulu, T. H. Services were held in Dallas Decem- 
ber 12, with interment December 14 on the campus of University of the South, Sewanee, Tennessee. 
Mr. Cortes was to have retired as vice president and director of Magnolia Petroleum Co. January 1, 
1958. He was president of the SEG in 1945-46, and initiated the Geophysical Case Histories series of 
the Society. A memorial to Mr. Cortes will appear in the April 1958 issue of Gropxysics. The family 
has requested that any remembrances be in the form of contributions to The Chapel Fund, Uni- 
versity of the South, Sewanee, Tennessee. 


CALENDAR OF MEETINGS 


1958 
February 
16-20 American Institute of Mining, Metallurgical, and Petroleum Engineers, Annual Meeting, 
Hotel Statler, New York City 
March 
3-4 American Institute of Mining, Metallurgical, and Petroleum Engineers, 4th Annual Joint 
Meeting of Rocky Mountain Petroleum Sections, Cosmopolitan Hotel, Denver, Colorado 
10-13. American Association of Petroleum Geologists, 43rd Annual Meeting, Biltmore Hotel, 
Los Angeles, California (E. Harold Rader, Standard Oil Company of California, 605 W. 
Olympic Blvd., Los Angeles 15, California) 
American Institute of Mining, Metallurgical, and Petroleum Engineers: Society of Pe- 
troleum Engineers, Reservoir Engineering Symposium, Mid-Continent Section, Mayo 
Hotel, Tulsa, Oklahoma 
American Society of Photogrammetry, Annual Meeting, Shoreham Hotel, Washington 
Optical Society of America, Spring Meeting, Sheraton-Park Hotel, Washington 


Canadian Institute of Mining and Metallurgy, Annual General Meeting, Hotel Vancouver, 
Vancouver, B. C. 
American Institute of Mining, Metallurgical, and Petroleum Engineers, La.-Ark., East 
Texas and Miss. Petroleum Sections, Gas Technology Symposium, Shreveport, Louisiana 
17-18 Society of Exploration Geophysicists, Eleventh Annual Midwestern Meeting, Tulsa, Okla- 
homa (Colin C. Campbell, Box 1536, Tulsa, Oklahoma) 
27-30 American Association of Petroleum Geologists, Rocky Mountain Section, Casper, Wyoming 
October 
13-16 Society of Exploration Geophysicists, 28th Annual Meeting, Hotel Gunter, San Antonio, 
Texas (Colin C. Campbell, Box 1536, Tulsa, Oklahoma) 
1959 
March 
16-19 American Association of Petroleum Geologists—Society of Economic Paleontologists and 
Mineralogists, National Convention, Memorial Auditorium, Dallas 
November 
9-12 Society of Exploration Geophysicists, 29th Annual Meeting, Biltmore Hotel, Los Angeles, 
California (Colin C. Campbell, Box 1536, Tulsa, Oklahoma) 
1960 
February 
25-28 American Association of Petroleum Geologists—Society of Economic Paleontologists and 
Mineralogists, National Convention, Chalfonte-Haddon Hall, Atlantic City 
November 
7-10 Society of Exploration Geophysicists, 3oth Annual Meeting, Moody Convention Center, 
Galveston, Texas (Colin C. Campbell, Box 1536, Tulsa, Oklahoma) 
1961 
April 
24-27 American Association of Petroleum Geologists—Society of Economic Paleontologists and 
Mineralogists, National Convention, Municipal Auditorium, Denver 
November 
5-9 Society of Exploration Geophysicists, 31st Annual Meeting, Denver, Colorado (Colin C. 
Campbell, Box 1536, Tulsa, Oklahoma) 


* * * * 


July 1, 1957 to December 31, 1958 
International Geophysical Year (Worldwide) vide Gropuysics, v. 21, p. 257-259, and 
Vv. 21, p. 681-690 (H. Odishaw, National Academy of Sciences, Washington 25, D. C.) 
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PROFESSIONAL DIRECTORY 


CALIFORNIA 


COLORADO 


H. WAYNE HOYLMAN 
Consultant 


Petroleum and Mining Exploration 


Aerogeophysics Company 816 W. Sth St. 
Mutual 6428 Los Angeles 17, Calif. 


L. F. IVANHOE 
Consulting Geologist and Geophysicist 
Domestic and Foreign Exploration 


Phone: FA 50283 2810 Elmwood Avenue 
Cable: IVANHOE BAKERSFIELD, CALIFORNIA 


Milt Collum Wes Morgan 


PETROLEUM GEOPHYSICAL 
COMPANY 


Contract Seismograph Crews 
Seismic Review and Interpretations 
Rocky Mountain Area 
KEystone 4-0253 


620 19th Street Denver 2, Colorado 


EDWARD P. KENNEDY 
Consulting Geophysicist & Geologist 


Box 375 Durango, Colorado 


WILLIAM CROWE KELLOGG 
Geological Engineer 
Kellogg Exploration Company 


Geologists — Geophysicists 
Radioactivity — Magnetic — Electrical — Gravity 
Air-Ground Surveys Interpretation 
3301 NORTH MARENGO ALTADENA, CALIFORNIA 


KANSAS 


CHARLES C. (RUSTY) WILLIAMS 
Geologist-Geophysicist 
Williams Seismograph, Inc. 


252 South Green Street 
WICHITA, KANSAS 


HENRY SALVATORI 


Western Geophysical Company 
of America 


1116 Pacific Mutual Bldg. 
523 W. 6th Street 
LOS ANGELES 14, CALIFORNIA 


LOUISIANA 


CARL L. BRYAN 
Consulting Geophysicist-Geologist 


804 Texas Eastern Bldg. Telephone 
SHREVEPORT, LA. 5-1924 


JOSHUA L. SOSKE 
Geologist and Geophysicists 


SCHOOL OF MINERAL SCIENCES 
Stanford University 
STANFORD, CALIFORNIA 


MISSISSIPPI 


EWIN D. GABY 
Delta Exploration Company 
Jackson Mississippi 


ELLIOTT SWEET 
Gravity Meter Surveys 
Gravity and Seismic Interpretation 
SWEET GEOPHYSICAL CO. 


21544 Rambla Vista Drive 
MALIBU, CALIFORNIA 


MISSOURI 


LgRoy SCHARON 
Mining and Engineering Geophysics 


567 Brookhaven Court 
Kirkwood 22 Phone 
St. Louis, Missouri KIrkwood 1578-W 
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NEW YORK 


OKLAHOMA 


TOM D. MAYES 
Mayes-Bevan Co. 


Gravity Meter Surveys 
and Interpretations 
305 Kennedy Building 
TULSA, OKLAHOMA 


ROLAND F. BEERS 
ROLAND F. BEERS, INC. 
Petroleum and Minerals Exploration Consultants 
Ground and Airborne Surveys 
Data Reduction and Analysis 
P.O. Box 1019 Troy, New York 
Ashley 2-6478; 2-2351 


E. V. McCOLLUM 
Geophysicist 
BE, V. McCollum & Co. 


515 Thompson Building 
TULSA, OKLAHOMA 


OKLAHOMA 


THOMAS J. BEVAN 
Geophysicist 


914 American Airlines Bldg. Phone CHerry 2-7508 
TULSA 3, OKLAHOMA 


GLENN M. McGUCKIN 
Seismograph Consultant 


Data Interpretation Current Supervision 
SALES: McGUCKIN (Patented) SEISMOGRAPH 
SECTION PLOTTER (DIP MIGRATOR) 

21 Years Experience: 

Supervising, Contracting, Consulting 
Phone 853 1304 Ann Arbor 
NORMAN, OKLA. 


ARNOLD H. BLEYBERG 
Petroleum Exploration Consultant 


Hanseatic Exploration Company 
2416 Barclay P.O. Box 7523 
Phone: Victor 3-0988 Oklahoma City 16, Okla. 


RICHARD A. POHLY 


Gravity Surveys and Re-interpretation 


POHLY EXPLORATION COMPANY 
1135 E. 38th St. Riverside 2-2009 
TULSA $, OKLAHOMA 


OPIE DIMMICK 


Century Geophysical Corp. 


Tulsa, Oklahoma Phone 54-7111 


BEN F. RUMMERFIELD 
Geologist and Geophysicist 
CENTURY GEOPHYSICAL CORPORATION 


503 Jenkins Building 1105 7th Ave., W. 
Tulsa 3, Oklahoma Calgary, Alberta 


R. W. DUDLEY 
Oil Exploration Consultant 
Geologist Geophysicist 


608 First National Bldg. Telephone FOrest 5-5255 
OKLAHOMA CITY 2, OKLAHOMA 


JOHN J. RUPNIK 
RUPNIK AND BALLOU 
Petroleum Exploration Consultants 
GEOPHYSICAL & GEOLOGICAL COORDINATION 


1102 HUNT BLDG., TULSA 3, OKLAHOMA 
LUther 7-2435 


CRAIG FERRIS 
Geophysicist 
E. V. McCollum & Co. GeoSeis, Inc. 


515 Thompson Bldg. 
TULSA 3, OKLA. 


HUGH M. THRALLS 
Consulting Geophysicist 


16 W. 15th St. Glbson 7-3921 
TULSA, OKLAHOMA 
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PENNSYLVANIA 


TEXAS 


W. B. AGOCS 
Geophysical Consultant 


Aero Service Corp. 
236 B. Courtland 
PHILADELPHIA 20, PENNSYLVANIA 


TEXAS 


R. A. CRAIN 
Texas Seismograph Company 


Panhandle Building 
WICHITA FALLS, TEXAS 


JOHN F. ANDERSON 
ANDERSON & COOKE 
Oil Exploration Consultants 


Geological Consulting 
Seismic Surveys & Interpretations 
665 San Jacinto Bldg. Houston 2, Texas 


PAUL D. CRAWFORD 


Askania Magnetometer 
Surveys 


1421 Milam Bldg. San Antonio, Texas 


WALTER D. BAIRD 
Consulting Geophysicist 


NEIL P, ANDERSON BUILDING 
PHONE EDISON 6-8400 FORT WORTH 2, TEXAS 


KEITH R. BEEMAN 
Electronic Consultant 


Seismograph and Allied Equipment 


P.O. Box 13058 
Houston, Texas 


R. H. DANA 


Dana Explorations, Inc. 


1301 W. T. Waggoner Bldg. 
Fort Worth, Texas 


JOHN L. BIBLE 
Southern Geophysical Company 


Seismic—G ravity—Magnetics 
3339 N. Rice Ave. 


Houston, Texas 


PAUL FARREN 
Geophysical Consultant 
Specializing in Seismic Interpretation, 
Review, and Supervision 


1528 Bank of the Southwest 


Houston 2, TEXAS FA 3-1356 


HART BROWN 
Brown Geophysical Company 


Gravity-Meter-Surveys 
Interpretations 


Houston 19, Texas 


5300 Brownway Rd. 


L. F. FISCHER 
Exploration Consultant 


Geophysicist 
Geologist 


621-A City National Bank Bldg. Houston, Texas 


JOHN W. BYERS 
Byers Exploration Company 
Seismic, Gravity and Magnetic Surveys 


709 M. & M. Building 
HOUSTON, TEXAS 


Phone 
CApitol 4-2423 


J. F. FREEL 
RESEARCH EXPLORATIONS, INC. 


2136 Welch 
Houston 19, Texas 
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TEXAS 


TEXAS 


E. Jon SHimEK Hart Brown LLoyd PAITSON 
GEOPHYSICAL ASSOCIATES 
P.O. Box 6005 Houston 6, Texas 


Seismic 


W. B. HOGG 
Geophysical Consultant 


1920 Adolphus Tower Bldg. 
DALLAS 1, TEXAS 


JOHN A. GILLIN 
National Geophysical Company 
8800 Lemmon Avenue 
Dallas 9, Texas 


IRVING M. GRIFFIN, JR. 


Consultant in 
Seismic Review and Interpretation 


an 
Field Crew Supervision 


FAirfax 3-9111 1331 Esperson Bldg. 
JAckson 2-4558 Houston 2, Texas 


LEO HORVITZ 
Geochemical Prospecting 


Horvitz Research Laboratories 


3217 Milam Street 
HOUSTON, TEXAS 


T. I. HARKINS 
Independent Exploration Company 
1973 West Gray 


P.O. Box 13237 
Houston 19, Texas 


JOHN S. IVY 
Niels Esperson Building 


HOUSTON, TEXAS 


J. G. HARRELL 
Mid-Continent Geophysical Co. 
Contract Seismograph Crews 
Seismic-Reinterpretations 


2509 West Berry Fort Worth, Texas 


J. C. KARCHER 
Geophysicist 


Adolphus Tower 
DALLAS, TEXAS 


SIDON HARRIS 
Southern Geophysical Company 


6640 Camp Bowie Blvd. Fort Worth, Texas 


MARTIN C. KELSEY 


Rayflex Exploration Company 


6923 Snider Plaza Dallas 5, Texas 


H. KLAUS 
Geologist and Geophysicist 
Klaus Exploration Company 


Gravimetric and Magnetic Surveys 
and Interpretations 


P.O. Box 1617 Lubbock, Texas 


J. O. HOARD 


HOARD EXPLORATION 
COMPANY 


Esperson Building Houston, Texas 
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TEXAS 


TEXAS 


PAUL H. LEDYARD 
Mid-Continent Geophysical Co. 


Contract Seismograph Crews 
Seismic-Reinterpretations 


2509 West Berry Fort Worth, Texas 


W. W. (IKE) NEWTON 
Geophysicist 


823 Corrigan Tower 
DALLAS, TEXAS 


C. T. MAcALLISTER 
Geophysical Consultant 
Seismic Interpretations and Field Supervision 


6327 Vanderbilt, 
Houston 5, Texas 


Telephone: 
MA 3-4181 


J. O. PARR, JR. 
Consulting Geophysicist 
Methods & Instrumentation 

for 


Seismic & Radiometric Surveys 
202 Janis Rae San Antonio, Tex. 


HAYDON W. McDONNOLD 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


Cc. W. PAYNE 
Payne & Warren 
Geophysical Consultants 


2210 Continental Life Bldg. 
Fort Worth TEXAS 


A. E. "SANDY” McKAY 
Geologist and Geophysicist 
Continental Geophysical Co. 


FORT WORTH, TEXAS 
2111 Continental Life Bldg. Phone EDison 2-9231 


GEORGE D. MITCHELL, JR. 
Geologist and Geophysicist 


911 Mercantile Securities Bldg. Dallas, Texas 


H. B. PEACOCK 
Consulting Geophysicist 


8400 Westchester 
DALLAS 20, TEXAS 


J. C. POLLARD 
GEOPHYSICAL ENGINEERING 


SEISMIC . . . GRAVITY .. 
SURVEYS 
e 


2500 Bolsover Rd., P.O. Box 6557, Houston $, Tex. 


MAGNETIC 


P. N. NARVARTE 
Consulting Geophysicist 
Seismic Interpretations 

Current Supervision and Review 


Frost National Bank Building 
San Antonio, Texas 


ROBERT H. RAY 
GEOPHYSICAL ENGINEERING 


SEISMIC . . . GRAVITY .. . MAGNETIC 


SURVEYS 
2500 Bolsover Rd., P.O. Box 6557, Houston 5, Tex. 


L. L. NETTLETON 
Gravity Meter Exploration Co. 
Interpretation of Gravity Surveys 
Interpretation of Aeromagnetic Surveys 
340 M. Esperson Bldg. 
HOUSTON 2, TEXAS 


C, WHITNEY SANDERS 


Consulting 
Petroleum Geologist-Geophysicist 
U. S. and European Exploration 


1132 Bank of the Southwest Building 
HOUSTON 2, TEXAS 
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TEXAS 


TEXAS 


SAM D. ROGERS 
Rogers Geophysical Company 
Rogers Explorations, Sociedad Anonima 


3616 West Alabama Houston 6, Texas 


RAYMOND L. SARGENT 
Magnetometer Surveys 
Interpretations 


M & M Bidg. 
HOUSTON 2, TEXAS 


R. MAURICE TRIPP 
Oil and Mineral Exploration Research 


3525 Beverly Drive Dallas, Texas 


F. RITCHIE WALLACE 
Geophysical Consultant 


Off. FAirfax 3-7719 
Res. MOhawk 5-5542 


701 Polk 
Houston 2, Texas 


SIDNEY SCHAFER AND COMPANY 
Geophysicists and Geologists 


EXPLORATION CONSULTANTS 
Domestic and Foreign 


Sidney Schafer 2200 Welch Avenue 
J. Calvin Weyand Houston 19, Texas 


KIRBY J. WARREN 
Payne & Warren 
Geophysical Consultants 


2210 Continental Life Bldg. 
Fort Worth Texas 


HUBERT L. SCHIFLETT 
States Exploration Company 
Seismic, Gravity and Magnetic Surveys 


5313 Richmond Road Highway 75 North 
HOUSTON, TEXAS SHERMAN, TEXAS 


FAST ECONOMICAL 


E. DARRELL WILLIAMS 
Geophysicist 


Specializing in Radiometric Exploration for Oil 
3114 PRESCOTT ST., HOUSTON 25, TEXAS 
PHONE 3-3991 


H. B. SMYRL 
Portable Seismograph, Inc. 


721 Frost National Bank Bldg. 
San Antonio 5, Texas 


JOHN H. WILSON 
Exploration Consultant 


1201 Sinclair Bldg. 
FORT WORTH, TEXAS 


NELSON C. STEENLAND 
Gravity Meter Exploration Company 
Geophysicist 


340 Mellie Esperson Building Houston, Texas 


CHARLES C. ZIMMERMAN 
Geologist & Geophysicist 
Keystone Exploration Company 


2813 Westheimer Road 
HOUSTON, TEXAS 


R. C. SWEET 
Geophysicist 


NORTH AMERICAN GEOPHYSICAL 
COMPANY 


3601 West Alabama, Houston, Texas 
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WYOMING 


CANADA 


Seismic Reviews 


Exploration Geology 
4 Seismic Supervision 


Evaluations 
JOHN F. PARTRIDGE, JR. 
Consulting Geologist—Geophysicist 


P.O. Box 258 Room 211 O-S Building 
Phones 2-6485 and 2-3328 CASPER, WYOMING 


ARGENTINA 


NOBEL MUNOZ 
Consulting Geophysicist Engineer 


EmprRESA GEOFISICA NOBEL MuNoz 


Mining, Oil & Bptennloey Prospecting ; Seismic, 
Gravity, Magnetic & Geoelectric Surveys; Super- 
vision, Reviews, Correlation all methods & Instru- 
ment Service; Electric Well Logging Service & 
Velocity Analysis. 


Lavalle 1783, 50 Piso. 
Paez 2246 
Buenos Aires, Argentina 


CANADA 


FRANK T. CLIFTON 
McPhar Geophysics Lid. 


Mining Geophysicists and Geologists 


139 Bond Ave. Don Mills 
TORONTO ONTARIO 


THEODORE KOULOMZINE 
Geologist & Geophysicist 


Koulomzine, Geoffroy & Co. 


P. O. Box 870 


VAL D’OR Qué. Canada 


R. E. DAVIS 
Farney Exploration Company, Ltd. 


830-8th Avenue West 
CALGARY, Alberta, Canada 


LUNDBERG EXPLORATIONS 
LIMITED 


Consulting Geologists and 


Geophysicists 


Radiation, Electrical & 


‘agnetic Surveys 


96 Eglinton A’ E. 
Eglinto 


Toronto 12, 


JOHN O. GALLOWAY 
Petroleum Consultant 


627 8th Ave., W. Calgary, Alberta 


GEORGE W. SANDER 


Cousulting Geophysicist 


174 Douglas Ave. N., 


Oakville, Ontario 


Phone 
Victor 4-6345 


DR. W. F. STACKLER 
Consulting Geopbysicist 
Phone 447303 


1937 25th Avenue S.W. 


CALGARY, ALBERTA 
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TEXAS SEISMOGRAPH CO. 


PANHANDLE BLDG. WICHITA FALLS, TEXAS 


Review of Scientific Instruments 


Since 1923, the leading publication in the field of scientific instrumentation. 
Over 1,000 pages annually of the latest original research material on new 
instruments for measurement and control. Written and edited by experts, 
the “Review” is the most widely quoted and referenced publication in its 
field. Indexed annually by subject. Circuits, computers, counters, electrical 
measurement, laboratory techniques, mechanics, microwaves, nuclear ma- 
chines, vacuum techniques, X-Ray diffraction, many others. Over 88 sub- 
jects covered. Annually, 12 issues, $9.00. Single copy, $1.25 


AMERICAN INSTITUTE OF PHYSICS 
335 East 45 Street New York 17, N.Y. 
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It pays to standardize on 
Kodak Linagraph 480 Paper 


Kodak Linagraph 480 Paper is made expressly for the doodle-bugger to give consistently 
clean traces on every record. It develops and fixes rapidly, withstands the rough handling 


of field processing. 


Here are four of the outstanding features of Kodak Linagraph 480 Paper: 


DEVELOPMENT LATITUDE: 
You can process Kodak Lina- 
graph 480 Paper in devel- ’ 
oper temperatures up to 
120°F without fogging. 


N 
CONTRAST: Kedak Lina- 
graph 480 Paper gives you 
sharp black traces on a 
clean white background ev- 
ery time. 


Your Kodak dealer has Kodak Linagraph 480 in stock, along 
with the Kodak Linagraph Chemicals which you need—Kodak 
Linagraph Paper Developer, Kodak Linagraph Fixer, Kodak 
Linagraph Stop Bath with Indicator, and Kodak Hypo Clear- 
ing Agent—all expressly designed to give you the best results 


under all conditions. 


EASTMAN KODAK COMPANY, Rochester 4, N. Y. 


WRITING SURFACE: Kodok 
Linagraph 480 Paper has a 
matte surface that is easy on 
the eyes when computing 
and also takes pen or pencil 
notations readily. 


4 PACKAGING: Kodak Lina- 


graph 480 Paper comes in 
slip-cover metal cans that 
protect the paper from dam- 
age and moisture. The cans 
provide a convenient con- 
tainer for storing or shipping 
records to the home office. 
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OLSEN SEISMOGRAPH SUPPLIES 


GROUNDHOG DRILL BITS 


YOURS FOR FASTER AND CHEAPER FOOTAGE 


GARLAND, TEXAS 
BOX 428 


PHONES 
BROADWAY 6-5117 
NITE BROADWAY 6-2808 


INSTRUMENT 
FABRICATION 


To Your Specifications 
for: 


EXPLORATION EQUIPMENT 
LOGGING EQUIPMENT 


. . . by experienced craftsmen 
and fabrication engineers 


CUSTOM FABRICATION 
CORPORATION 


Tulsa, Oklahoma 
Madison 6-6716 


2711 Dawson Road 
P.O. Box 3391, Whittier Station 


Issued Feb. 1956 


FIFTIETH ANNIVERSARY 
Economic Geology 
1905-1955 


(in two parts) 


This publication comprises some 24 review papers 
by specialists in their fields, on wide phases of eco- 
nomic geology, including ore deposits and ore genesis, 
sedimentary deposits of rare metals, uranium deposi- 
tion, coal petrology, time of ofl and gas accumula- 
tion, oxidation of copper sulphides and dary sul- 
phide enrichment, pegmatite deposits, carbonate 

logy of li and dol it gi ring 
geology, infl of geological factors on the engi- 
neering prop of sedi » geochemistry and 
geophysi in prospect! hydroth 1 deposits, 
metallogenetic epochs and p s, mineral synthesis, 
geologi th try, devel p in clay min- 
eralogy and hnology, P in and near in- 
trusions, and other important topics of interest to 
the professions of geology, mining and engineering. 
All of the authors are specialists in their field, and 
present a critical and stimulating review of the litera- 
ture, 
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Model A-11 King Winch on A-120 (4x4) all-wheel-drive 
International truck. 


teeth CD-8116 King Winch on 1958 Chevrolet Model 31 
x4). 


Model 151) King Winch on Willys Jeep. 


Koenig Jeep cabs 

and King 

Winches for 

Willys vehicles 

are available 

through Willys 

Motors, Inc., and 
Willys-Overland Export 
Corp. distributors or 
dealers. Write for free 
descriptive literature. = 


. . . for Willys, International, Chevrolet, 
GMC, Ford, Land Rover and other vehicles 


COMPLETE, READY-TO-INSTALL KING FRONT- 

MOUNT WINCH ASSEMBLIES FEATURE: 

e winch side arms to reinforce truck 
frame 

e bronze-bushed, 4-way cable guide 
rollers 

e cable drum guard 

e@ heavy-duty pipe bumper 

@ needle-bearing, universal-joint spline- 
shaft drive assembly 

e Timken bearings on worm 


King Winches keep you moving through 
the most difficult terrain . . . you get 
action where there’s no traction with 
dependable pulling power. King power 
winches have pulling capacities of 8,000 
to 19,000 Ibs. 


+ King Winches for International trucks 
are available through International 
distributors and dealers. 


Full Cab and Model 151) King 
Winch Illustrated. 


KOENIG ALL-STEEL CABS HAVE THESE SUPERIOR 
FEATURES: 


e PROTECTION e SAFETY 

e COMFORT e CONVENIENCE 
Roll-down windows, full opening . . . full 
panel-board head lining and masonite door 
lining . . . safety glass throughout . . . all-steel 
welded construction . . . door locks. 


IRON WORKS, Inc. 


WEST 12th at ELLA BLVD. P. 0. BOX 7726 HOUSTON 7, TEXAS 
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1947 


1957 


AVAILABLE PUBLICATIONS OF 


The American Association 
of Petroleum Geologists 


Comprehensive Index of the Publications of the A.A.P.G., 1917-1945. Compiled by Daisy 
Winifred Heath. 603 pp. 6.75 x 9.50 inches. Cloth. To members, $3.00 


Comprehensive Index of Publications of the A.A.P.G., 1946-1955. Compiled by Daisy 
—- Heath and June McFarland. 302 pp., 6.75 x 9.50 inches. Cloth. To members, 


To members, 

Structure of Typical American Oil Fields. Vol. III. McCoy Memorial Volume. 24 papers. 
516 pp. 219 illus. Cloth. To members, $3.50 

Appalachian Basin Ordovician Symposium. From August, 1948, Bulletin. 264 pp. 72 illus. 
6 x 9 inches. Cloth. To members, $1. 

Possible Future Oil Provinces of the United States and Canada. 4th 

August, 1941, Bulletin. 154 pp., 83 figs. 6 x 9 inches. Paper. To members, $1. 


Problems of Petroleum Geology. 2d printing. Originally published, 1934. 43 papers. 1,073 
pp. 200 illus. 5.75 x 8.5 inches. Clcth. To members, $4 

Possible Future Petroleum Provinces of North America. From February, 1951, Bulletin. 
360 pp., 153 figs. 6 x 9 inches. Cloth. To members, $2.50 

Geological Cross Section of Paleozoic Rocks: Central Mississippi to Northern Michigan. 
Prepared under auspices of Geologic Names and Correlations Committee. 5 cross sections, 
vertical scale 500 feet to the inch. 29 pp. of explanatory text, index. 8 x 10 inches, Press- 
board, sections folded in pocket. To members, $2.00 

Miocene Stratigraphy of California (1938). By Robert M. Kleinpell. 450 pp., 14 figs., 22 
pls., 18 tables, Offset reprinted. 5.5 x 8.5 inches. Cloth. To members, $4.50 


Stratigraphic Type Oil Fields (1941). 37 papers. 902 pp., 304 figs., 3 pls. Offset reprinted. 
5 x 8.5 inches. Cloth. To members, $4 


Petroleum Geology of Southern Oklahoma. 24 articles. 402 pp., 110 figs., 6 pls., 27 tables. 
6.75 x 9.5 inches. Cloth. To members, $5.00 

Habitat of Oil. Edited by Lewis G. Weeks. 1,440 pp., cloth bound. 56 papers on oil occur- 
rence—20 on North America; 5 on South America; 7 on Europe; 5 on Middle East; 4 or 
Far East; 9 topical papers on oil occurrence and migration, hydrocarbons, and basin 
development; and an analysis by the Editor 

price (to Jan. 1, 1958), to members $8.00 ......... 
Publication price (after Jan. 1, 1958), to members $9.00 .... 


Structure of Typical American Oil Fields. Vol. I (1929). 4th printing. 510 pp., 190 illus. 
5% x 8% inches. Cloth. To members $4.00 


Structure of Typical American Oil Fields. Vol. II (1929). 4th printing. 750 pp., 235 illus., 
5% x 8% inches. Cloth. To members $5.00 


Geology of California (1933). By R. D. Reed. 355 pp., 58 figs., 26 tables. Structural Evolu- 
tion of Southern California (1936). By R. D. Reed and J. S. Hollister. 157 pp., 57 figs., 14 
photographs, 9-color tectonic map. Both offset reprinted. 2d printing. 5% x 8% inches. 
Clothbound together. Available soon. 

price, to members $5.00 

Publication price, to members $6.00 


Western Canada Sedimentary Basin. Rutherford Memorial Volume. Edited by Leslie M. 
Clark (1954), 30 papers. 521 pp. 2d printing. Stratigraphy of Plains of Southern Alberta. 
Dowling Memorial Volume (1931). A symposium. 14 papers. 166 pp. 2d printing, by offset. 
64% x 94 inches. Clothbound together. Available soon. 

Pre-publication price, to members 

Publication price, to members $6.00 


Directory of Geological Material in North America, by J. V. Howell and A. I. Levorsen. 
2d edition, revised and enlarged. Entries from all states and possessions of the S., 
provinces of Canada, and Mexico and Central American countries, West Indies. This 
volume has been transferred to the American Geological Institute, 2100 Constitution Ave., 
Washington 25, D.C, Order from the Institute 


Bulletin of The American Association of Petroleum Geologists, Official monthly publication. 


Each number, approximately 150 pages of articles, maps, discussions, reviews. Annual 
subscription, $18.00 (outside United States, $19.00). Descriptive price list of back num- 
bers on request. 


(Prices, postpaid. Write for discount to colleges and public libraries.) 


THE AMERICAN ASSOCIATION OF PETROLEUM GEOLOGISTS 
BOX 979, TULSA 1, OKLAHOMA, U.S.A. 
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& Small but significant. The minute atom abruptly Plotter | 
revolutionized scientific theories with its significance. Console 
General’s automatic plotter and computer—the Geopac—has also revised 
modern thinking. This compact unit presents an entirely 

new concept in seismic interpretation. Offering speed and accuracy, 

the Geopac frees the seismologist from numerous routine details. 
Geopac—the efficient, economical method of processing 
and presenting seismic data. 


» Magnetic Play Back 
Drum and Amplifier 


Computer 
and Control © 
Section 


2 | 
j 
in Canada: 10509 81st Avenue, Edmonton, Alberta, Canada 
General Geophysical Company de France (Sarl), 4 Square Rapp + Paris 7, France 
General Geophysical Company de Venezuela, C. A, Sociedad A. Camejo No. 16 + Caracas, Venezuela 
WHEN YOUR CONTRACT IS WITH GENERAL, THE PERCENTAGE FOR SUCCESSFUL EXPLORATION IS IN YOUR FAVOR 
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@ TURNKEY OPERATION— 
includes trailers, personnel 


Complete “Jrailer Camps 


for your field crew. Kitchen trailers, diners, 


and _ supplies. 


© Specialists in trailers built for 
use abroad. 


showers, offices, sleepers, power plants, 
water tank and gasoline trailers. 


® Trailers towed to new locations. 


4830 Colorado 
Phone: AMherst 6-1781 


ELDER TRAILER and BODY, INC. 


i> | 
Over thirty years of experience all ove 
the world is behind every Fairchild ,, 
proposal, Whether it's a topographic 
contour map of an area in Latin \ 
America, a magnetometer survey.in. 
' India or an oblique airview of your } 
f plant in New Jersey, Fairchild has done # 
it and knews how to do it again inthe |.“** 
shortest time, with results you can count 
on,Remember — when it has to be done 
fast, and right the first time—you 


can count on Fairchild; 
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CITY, Rockefeller Plaza CHICAGO, ILLINOIS: 
ALLAHASSEE, FLORIDA: 1514 S Monroe St 
LTON, WASHINGTON: Box 274, Route | 
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. . . to locate your next well and 
give you an accurate picture of 
oil-producing possibilities. 


For positive results and high 
production, you can depend 
on Tidelands’ experienced 
crews. 


A COMPLETE 
GEOPHYSICAL SERVICE 


we'll show you where / 
= 
4 
a = EXPLORATION Co. GEOPHYSICAL CO. 
= Ore INC. OVERSEAS, INC. 
ly 
«9233 WESTHEIMER ROAD HOUSTON 27, TEXAS 
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EUROPEAN ASSOCIATION 
OF 


EXPLORATION GEOPHYSICISTS 


The E.A.E.G. was founded in December 1951 


The aims of the Association are to promote the science of exploration geophysics by 
establishing contacts and encouraging co-operation and fellowship between geo- 
physicists in Europe and elsewhere and by disseminating knowledge of the science 
through the agency of regular meetings and the publication of technical papers. 


MEMBERSHIP 


Active Members pay an annual membership fee of Neth. fis. 15.—, increased by 
Neth. fis. 0.50 collecting charges. In U.S. currency this charge amounts to $4.10. 


Prospective Members. Anybody interested in geophysics can apply for membership 
by sending in an Application Form, duly filled out. Forms will gladly be supplied 
by the Secretary-Treasurer of the E.A.E.G. but may also be obtained through the 
kind assistance of the Business Manager of the S.E.G. 


GEOPHYSICAL PROSPECTING 


Official Journal of the European Association of 
Exploration Geophysicists 


This journal is issued quarterly and contains articles written in English, French or 
German. English, however, is predominant and each article is preceded by an abstract 
in that language. 

Active members receive the journal free of charge. 

In accordance with the Terms of Affiliation with the Society of Exploration 
Geophysicists, members of that Society may enter a current subscription to the 
journal for the normal membership fee. 

The Subscription Rate for non-members is Neth. fils. 22.—(U.S. $5.80) per annum. 
Single copies are available at Neth. fls. 6—(U.S. $1.60). These rates include pack- 
ing and postage and are payable in advance. A limited quantity of previous issues 
is still available at the same price. 

In order to meet the constant demand the first issue (Vol. I, No. 1, March 1953) 
has been reprinted in offset and is now again available. 

Advertising rates will be sent upon request. 


All communications to be directed fo: 


THE SECRETARY-TREASURER E.A.E.G. 
30, C. VAN BYLANDTLAAN ¢@ THE HAGUE ¢ NETHERLANDS 
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TRANSISTOR POWER SUPPL 


improved plate voltage 
of seismic amplifiers 


Here is a completely static unit No radiated interference from moving parts 
which is far more dependable Low ripple at 3 KC or higher 
than vibrators or dynamotors. Low output impedance 
The ARNOLD power Shock resistant and hermetically sealed 


used as a plate-voltage 
ly for batt ted Operates from —65°F to +160°F 
No moving parts — hence long life 
low-frequency seismic and no maintenance. 
amplifiers. Inherent in the SPECIFICATIONS 
design and construction are Input: 10-14 volts DC Weight: 19 ounces 


i Output: Regulated for Size: 3” dia. x 
the following advantages. discharging battery 3%,” high 


Arnold power supplies are used by Pan American Petroleum 
Corp., Seismic Explorations, Inc., and other leading 
companies. Write for literature on the Model 591-AG. 


ARNOLD MAGNETICS CORP. 


4613 West Jefferson Boulevard, Los Angeles 16, California 
Telephone REpublic 1-6344 
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if ...of the exact spot you are aiming for can be 

found with certainty by means of the Decca Navigator. 

Experience gained* in the many parts of the world where oil 

is being sought has shown how invaluable a Decca Mobile 

Chain is to the prospector. No other system can provide 

accurate position fixing and navigation on land or off shore 

with such ease and flexibility of operation in all weather conditions. 
With Decca the area can be squared off and worked over with 
precision—no portion being omitted and none gone over twice— 

thus enabling a greater area to be covered in a given time. The 
position of salt domes or other features meriting further examination 
can be pin-pointed with absolute certainty, and returned to unerringly 
at any time. The consequent savings in time, manpower and fuel, are 
considerable. A single Decca Mobile Chain with its wide-area coverage 
can be used with equal facility by ship, aircraft or truck. 


*Decca Chains are in current operation in every type of climate and terrain from Newfoundland to New Guinea. 


THE 
NAV] A T0 for Survey and Exploration 


THE DECCA NAVIGATOR COMPANY LIMITED, LONDON, ENGLAND 
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BERT & RALPH DUESING 


“Selling Atlas Explosives” 


BIG LAKE, TEXAS HASKELL, TEXAS 
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HIGH ALTITUDE 


CONTROL INSTRUMENTS 


require MAXIMUM Performance— 
MINIMUM Size—W eight—Power Drain 


ENGINEERING DEVELOPMENT MANUFACTURING 
BRAILSFORD 


SUB FRACTIONAL WATT D.C MOTORS wD SIGNALLING SYSTEM COMPONENT 


Brailsford AGC Timers 
Are Unmatched in 
These Basic 
Requirements 

If you have a timing 
problem where size, 

mass, and power drain 

are critical, read these 
SPECIFICATIONS 
Model AGC 

Number of decks—1-4 

Speed regulation—+1.0% at 
50% voltage shift 


Size—1%" x 2%"—depth 
depends on number of decks 


Segments per deck—2-8 for 
stock units. Special 
commutators to order for a 
nominal tool charge. 


Shorting or non-shorting 
contact 

Power input—.008 Amp. at 
6 VDC 


Write for literature 


BRAILSFORD 


and Company, Inc. 
670 Milton Road 
Rye, N.Y. 
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= % 
* MAGAZINES « 
In a move to extend and broaden the range of our Ss 
services to explosives users, American Cyanamid 7 
° sales facilities o linois Powder Manufacturing . 
American 
possible for Cyanamid to serve you better. .. faster 
y anam! xp Osives . ». With a wider range of dependable, quality explo- ; 
sives, electric blasting caps and blasting accessories. < 
Now Serv e You Our sales representatives will welcome the oppor- a 
tunity to analyze and discuss your blasting problems. * 


Nationwide 


and 
Market-Wide! 


ROAD 
CONSTRUCTION QUARRYING 


Please mention GrorpHysics when answering advertisers 


AMERICAN CYANAMID COMPANY 
EXPLOSIVES DEPARTMENT 
30 Rockefeller Plaza, New York 20, N. Y. 


SALES OFFICES: PRODUCTS: 
Bessemer, Aloboma Tulsa, Oklahoma High Explosives 
Permissibles 


lotrobe, Pennsylvanice 
Pottsville, Pennsylvanio 
Scranton, Pennsylvania 
Dallas, Texas 


Denver, Colorado 
Konsas City, Missouri 
St. Lovis, Missouri 
Missoula, Montane 
Albuquerque, New Mexico Salt Loke City, Utoh 
New York City, New York Bluefield, West Virginia 
Madison, Wisconsin 


Blasting Agents 
Blasting Powder 
Blasting Cops 
Electric Blasting Caps 
Seismograph Explosives 
Blasting Accessories 


> : 
METAL 


MINING EXPLORATIONS 


—€EvYANAMID 
J | 


Incorporating standard EIC features, the 
DR-50 Magnetic Recording System provides 
new versatility in direct recording. The system 
can be constructed with from 25 to 50 seismic 
and information channels. 

Tape speed is 3.6 inches per second; head 
spacing is 4 inch. The power supply is com- 
pletely transistorized. 

Write, wire or phone for detailed infor- 
mation. 


Corporation 2508 Tangley Road 


Houston 5, Texas 
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SURVEYS 
REPORTS 
REVIEWS 


KLAUS 


CO. 


PHONE SWift 9-7031 @ BOX1617 @ LUBBOCK, TEXAS 
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THE GEOPHYSICAL SOCIETY OF TULSA 
announces the TENTH ANNIVERSARY ISSUE, Volume 4, of 


THE PROCEEDINGS OF THE GEOPHYSICAL SOCIETY 
OF TULSA 


This newest edition contains the following original papers: 


The Locus of Points Having Equal Arrival-Times for a Reflected Wave 
by William Schriever 


A Time Dip Nomogram 
by Paul L. Lyons 


Vector Composition of Reflection Time-Gradients 
by William Schriever 


An Integrated System for Magnetic Recording and Processing Seismic 


Data 
by P. C. Sundt 


Seismic Exploration in the Delaware Basin 
by M. E. Trostle 


Geophysical Case History of The Engel Pool (Central Kansas Uplift) 
by Lee Brooks, John Care 
and Charles Wallace 


High Resolution Seismic Exploration—Northeastern and North 
Central Oklahoma 


by R. F. Van Cleave 


A Comparative Study of the Vertical Gradient of Gravity 
by Frederick Romberg 


The Abnormal Sedimentary Susceptibilities in Eastern Missouri 
by Thomas V. McEvilly 


Volumes 1, 2 and 3 are available at $1.00 per copy 
Volume 4 is available for $2.00 per copy 
(Postage Included in Cost) 


SOCIETY OF EXPLORATION GEOPHYSICISTS 
Box 1536 Tulsa 1, Oklahoma 
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FIRST IN THE FIELD OF WEIGHT DROPPING 


In Canada, Algeria, all over the world, McCollum GEOGRAPH crews 
are proving the weight drop technique’s speed, safety, economy and accuracy 
in the search for oil. The versatility of GEOGRAPH in hard 
rock areas, frozen terrain, desert sand, etc., 
illustrates its advantages over conventional methods 
in obtaining accurate seismic data while completely eliminating 
the need for shot holes and explosives. 

Seventeen years of research and development on GEOGRAPH 
assures the world market the most effective 
and economical exploration method. 


1025 S. Shepherd Drive, JAckson 8-5427, Houston, Texas 
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Tope 
Transport 


Most 
Practical 


Direct Recorder 
in the Field 


FORTUNE 
ELECTRONICS’ 
SR-3 
MAGNETIC 
TAPE RECORDER™ 


Amplifier and 


Today! 


Simple Design 

The SR-3 has been especially designed to 
give outstanding performance under the most 
adverse field conditions. This rugged design 
demands that the instrument be free of non- 
essentials. An example of the SR-3’s design 
simplicity is its straight-forward, adjustable 
headbank. Corrections are easily set and read, 
headbank cannot get out of calibration. 


Completely Adaptable 

No installation problems, interconnecting cables 
are all that is required to adapt the SR-3 to any 
existing system. With the SR-3 expensive re- 
wiring, and costly man-hours are eliminated, 
equipment out-of-production time is minimized. 


Switching Unit 


Easily Serviced 

A unique feature of the SR-3 is its uncompli- 
cated construction. While this compact unit is 
made of sturdy, precision-made components, 
it is easily serviced by technicians familiar with 
seismic equipment. This feature helps to reduce 
shut-down time in the field due to equipment 
failure. 


Superior Performance 

The superior performance of the SR-3 more than 
meets the most exacting standards. Judge the 
performance characteristics of the SR-3 for your- 
self—write Fortune Electronics for complete 
physical and electrical specifications. 


*Available on Fortune's lease-purchase plan 


Fortune Electronics Ine. 
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There new stars 
in the SIE firmament 


_ From the first SIE seismic instruments, the GA-7 through 
the GA-7H . . . to the first concepts in truly portable 
instrumentation which culminated in the P-11 Series .. . 
on to the G Series systems for magnetic and photographic 
recording . . . then the DRF Flow Control Systems and the 
MR group of field and portable magnetic recorders 

research and improvement have added new 


J 
‘ : 4 : - 
es a ‘ment activities for instrumentation and automation, you 
Pe ded can expect added lustre in this galaxy every year. 


Today oil exploration is a global job... and 


S|E | GeoData Equipment is a part of 


® 


successful operations everywhere 


Be 

: 


SIE 


® 


Geophysical 


Model MS-12 


Data Processing System 


With increasing development of petroleum resources throughout the world, 
SIE MS-12 GeoData Systems are processing vitally important sub-surface 
information in every area where petroleum deposits are being investigated. In 
North and South America, Germany, Turkey, France and the British Isles, the 
petroleum industry is using the MS-12 GeoData System to present seismic : 
information in accurate cross-section form . . . ready for final interpretation and 
helping to make important final drilling decisions. 

From the first seismic record made in a new area, until the final depth cross- 
section reveals the complete sub-surface picture, SIE MS-12 GeoData equipment 
plays a vital part in extracting maximum information from seismic recordings 
. . . thus expanding the advances in SIE geophysical instrumentation that provide 
the utmost in reliability and accuracy in every phase of seismic operations. 

These are among the reasons GeoData equipment has found global accept- 
ance and today is heiping the world’s leading geophysical organizations get full 
value from every exploration dollar. 


SOUTHWESTERN INDUSTRIAL ELECTRONICS COMPANY 
2631 Post Oak Road « P. O. Box 13058 + Houston 19, Texas 
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Apache Exploration Co.. inc. 
Argus Exploration Co. 
Atlantic Refining Co. 
Ayrshire Exploration Company 
Bank of Mexico? 
Beaver Geophysical Services, Ltd. 


Bennett & Hurst Geophysical Co., Ltd. 


Berg Exploration Co., Inc: 
Berg Geophysical Co. 
Brazos Exploration Service 
The British Petroleum Co., Ltd 
Broussard Exploration Co., Inc. 
Byers Exploration Company 
Canadian Exploration Co., Ltd. 
Canadian Gulf Oil Company 
Chevron Oil Company 
Chinese Petroleum Corporation 
Colonial Geological Surveys 
Compagnie Generale de Geophysique 
Compagnia Italiana di Prospezioni 
Compagnie De Prospection 
Geophysique Nord-Africaine 
Continental! Geophysical Co. 
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Gulf Research & Development Co. 
Heiland Exploration Canada, Ltd. 
Hooks Exploration Company 
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BEFORE You. fear 


at least a substantial 


— if not your shirt... 


sum of money. Latest statistics show that 


for every 1 wildcat well that makes EITHER 


oil OR gas, 11.9 are dry... BUT... your 


chances will be greatly improved by care- 


fully planned and executed exploration, based 


on the sound business principles of 


REPUBLIC EXPLORATION COMPANY 


A map of the U. S. showing major geolog- 
ical features is now available to you. Write: 
Republic, Dept. B, Box 2208, Tulsa, Okla. 


DAS REPUBLIC EXPLORATION COMPANY 


TULSA, OKLAHOMA — MIDLAND, TEXAS 


advertisers 
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The NEW 
for PATTERN SHOOTING 


Hercules’ continuous program of research and de- 
velopment has provided a new Vibrocap SR. This 
new Vibrocap SR gives seismic blasting crews an im- 
proved electric blasting cap for land, marsh, and 
offshore exploration. The new cap features: 
Improved .. . Series firing for pattern shooting 
with faster, more uniform firing at lower current 
with high voltage blasters. 

Improved . . . Regularity of firing at both high and 
low currents. 


Improved . . . High resistance to accidental dis- 
charge by static electricity, stray currents, and radio! 
frequency energy. 

Improved . . . High water resistance. 

Vibrocap SR is available with plastic-insulated 
kirked wires in regular packages, or on spools packed 
in cartons having convenient carrying handles. 

Our sales engineers welcome the opportunity to 
tell you more about Vibrocap SR and to consult with 
you on blasting procedures. 


HERCULES POWDER COMPANY 


Explosives Department + 917 King St., Wilmington 99, Del. 


mCORPORATED 
XR57-2 


Birmingham, Ala.; Chicago, Ill.; Duluth, Minn.; Hazleton, Pa.; Joplin, Mo.; Los Angeles, 
Calif.; New York, N. Y.; Pittsburgh, Pa.; Salt Lake City, Utah; San Francisco, Calif. 


\ 
4 
44 
™ 


GEOPHYSICS, JANUARY, 1958 


“Het” and “Marge” better hurry up with their packing 
because with Rogers crews surveying the area they soon 
will be coming to the surface in cores. 

Rogers crews are experienced in working throughout 
the world and their world-wide knowledge 

enables them to locate “hard to find” prospective 

oil producing formations which may be 

overlooked by less experienced crews. So, 

wherever you plan to explore look to 

Rogers for accurate results. 


Geophysical Company 
3616 WEST ALABAMA: HOUSTON, TEXAS 
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Field party on survey for proposed Can- § 
yon Dam on Texas’ Guadalupe River. 
i 


SPEED HYDROLOGIC STUDY 
TYPE FA-176 OF RESERVOIR BASIN 


A ground-water and geologic survey, involving water table iso- 
grams for 400 square miles adjoining the proposed Canyon Dam 
Reservoir on Texas’ Guadalupe River, recently was completed 
in 35 days. Despite difficult terrain and maximum relief of 1000 
feet, over three hundred spot elevations were taken during this 
period. The speed with which this work was done is attributed 
to the use of the two-base method of altimetry employing three 
Wallace & Tiernan Type FA-176 Surveying Altimeters. 


Technical data on the FA-176 Altimeter include: Range — any interval 
of 2000’ up to max. limit of 5000’; Accuracy — 2.0’; Sensitivity — 0.5’; 
Scale Length — 20”; Dial Size — 842” dia. 


For details on FA-176, send for Bulletin No. TP-7-A 


WALLACE & TIERNAN INCORPORATED 
25 MAIN STREET, BELLEVILLE 9, NEW JERSEY 
In Canada, Wallace & Tiernan, Ltd. — Toronto A-l17 
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Galvanometers are the 
Eyes of the Industry ... 


GALVANOMETERS 


of cowue / 


Since recordings are only 
as accurate as the galvano- 
meter you use, keeness 
and high fidelity— 

plus ruggedness—are the 
necessary factors in instru- 
mentation of this sort. 


We at Oxley manufacture 
accuracy and acute 
sensitivity. For thirteen 
years we have been success- 
ful in this specialization. 
So .. . to meet any specific 
requirements for such 
precision — in design 

or manufacture — let an 
Oxley galvanometer be 
your eye to discovery. 


Write for information 
today. 


WHEN YOU BUY OXLEY 


you suy THe IN 
GALVANOMETERS! 


COMPANY~Y 6338 WASHINGTON AVENUE 
UN 4-8876 @ HOUSTON 7, TEXAS 
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PAUL H. LEDYARD 
J. G. HARRELL 


2509 WEST BERRY 
FORT WORTH 


FORT WORTH, TEXAS 
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An easily read, clearly illustrated text on 


Modern Geophysical Techniques 


EXPLORATION GEOPHYSICS 


In more than 1200 pages and Thirteen fact-packed chapters 
with 715 illustrations, the 1957 fully cover all contemporary 
revised printing of Exploration methods; plus permit, trespass 
Geophysics covers the entire field and insurance problems. A basic 
of exploration by modern geo- textbook for every geologist, 
pliysical methods. It is concisely  geophysicist, engineer and phys- 
and clearly written by an inter- — icist concerned with exploration, 

nationally known geophysicist, in well logging and production 
close collaboration with 39 other Adopted by many leading uni 

leading authorities. versities, 


Send your money order or check for $12.50 for a copy of Exploration Geophysics on 
5-day approval. If you are not fully satisfied, merely return the book in its original 
condition and your money will be promptly refunded. 

TRIJA PUBLISHING COMPANY, 2500 W. COAST HIGHWAY, NEWPORT BEACH, CALIFORNIA 


' 
! 
' 
| 
! 
! 
' 


STRAWN MERCHANDISE COMPANY 


EOX 13133 
DALLAS 20, TEXAS 


Phone Fleetwood 2-489! 
Nights & Holidays FLI-6022 — WH 6-0982 


Strawn 


3 2231 Stanton 
Nights & Holidays SXyline 6.3363 
2831 


2351 


Lovington, N. M. Ft. Stockton Amarillo 
6-500! EDison 6-2301 DRake 2-8482 


DISTRIBUTOR HERCULES EXPLOSIVES 
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Unmatched versatility for geophysical exploration work. 


Another Mayhew Ist! The 500 is designed to meet the 500 to give you the power, performance and depend- 
ever-increasing demand for maximum efficiency com- ability demanded by the industry. 
bined with versatility of application. Available mounted 


to travel the most inaccessible areas, the rugged light- Mayhew supply stores are in all active oil areas with 


weight compact 500 gives you even more mobility . . . a complete line of geophysical replacement parts and 
plus newest features that have made Mayhew rigs equipment to assure you of continuous operation. So 
famous throughout the world. Over a third of a century remember, where ever you go... YOU GET THE MOST 
of research and development are engineered into the WITH A MAYHEW! 


Accepted itandand of the Geophysical 


HOME OFFICE MAYHEW SUPPLY CO., INC. 


4700 SCYENE ROAD e DALLAS, TEXAS 


SALES AND SERVICE CASPER, WYOMING e TULSA, OKLAHOMA e SIDNEY, MON- 
TANA @ LUBBOCK, TEXAS e GRAND JUNCTION, COLORADO 
GALLUP, NEW MEXICO 


EXPORT IDECO, INC., P. O. BOX 1331, DALLAS, TEXAS 
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EXPLOSIVES 


...custom built 
geophysical equipment 


Ever the need in . EQUIPMENT 

day eed we op Water Trucks e Portable Dynamite Storage Magazines 
erating, long-life equipment. Griffin answers Explosive Trucks e Portable Cap Storage Magazines 

Hole Loading Machines Quick opening Tank Valves 

this constant need with custom built geo- Instrument Cabinets and Boxes « Skid Mounted Tanks 

Power Reel Line Trucks e Surveving Equipment 
physical equipment for every job... in every Recording Truck Bodies Portable Tool Houses 

Portable Slush Pits Vacuum Units 

corner of the world. Griffin engineers are at Exhaust Diverters e Suction Hose and Footscreens 


j j j SUPPLIES AND REPLACEMENTS 
your service to design custom equipment for Tank Fittings e Lifetime Aluminum Explosive Signs 


specialized application. This personalized Ever-tite Hose Couplings ¢ Mirro Flares 
Rockwood Valves TailChains 
service and design is your assurance of the American Wire Rope e Fire Extinguishers 
Ramsey Winches e Snatch Blocks 
finest in geophysical equipment in the world Suction Hose ¢ Hydraulic Jacks ¢ Water Cans 
Power Take-offs First Aid Kits Axes 
today. Let Griffin’s 20 years of faithful service Light and Heavy Duty Oilfield Truck Beds 
Mud Flaps e Loading Poles 
to the industry guide your choice. Write today! Clearance Lights Shearing and Forming Steel 


All supplies shipped promptly. Write for new catalog today! 


\ GRIFFIN 4 TANK AND WELDING SERVICE 
3031 ELM STREET @ PHONE Riverside 1-6811 e@ DALLAS 1, TEXAS 
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For twenty-six years, SEI has specialized in sub- 
surface studies of the domestic oil provinces... from 
Canada to the Gulf. Numerous innovations in instru- 
mentation, interpretation, and field technique have 
kept SEI in the forefront. For example, in difficult 
areas, SEI has been a pioneer in the use of patterns 
of multiple shot holes and geophone arrays. 


Your exploration program is in capable hands at SEI. 


TECHNIQUE 


SEISMIC EXPLORATIONS INCORPORATED 


1017 SOUTH SHEPHERD ©® HOUSTON, TEXAS 


Area Offices: Midland, Texas @ Shreveport, Louisiana @ Oklahoma City, Oklahoma @ Billings, Montana 


Please mention GropHysics when answering advertisers 
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ELECTRONIC 
HEADQUARTERS 


@ Harrison is a major supplier 
of electronic component parts 
for laboratory and field use of 
companies engaged in 


arrison 


MAIN OFFICES: 1422 SAN JACINTO, HOUSTON 


Phone CApitol 8-6315 


Please mention GropHysics when answering advertisers 
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It is a known fact that geophysical instrumentation has 
advanced faster than geophysical interpretation. Due largely to 
the competitive efforts of specialized manufacturers, instru- 
mentation has made significant strides in the past ten years. 
Whereas, interpretation has not kept pace. 

Robert H. Ray Co. makes a concerted effort to remedy this 
inequity through progressive interpretive research. Men have 
been assigned to special projects devoted exclusively to such 
problems as velocities, migrations, and faults. Further, very 
close coordination with field parties is maintained at all times. 
Any interesting or peculiar interpretive problem encountered 
is referred directly to this research staff for review and study. 


Attaching the proper importance to all phases of geophysi- 
cal exploration — another reason why RHR remains high 
among the leaders! 


ROBERT H. RAY CO. 


2500 Bolsover Road * Houston 5, Texas 


Piease mention GropHysics when answering advertisers 
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ATLANTIS “INSULA 
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EXPLORATION will bring NEW WEALTH - 


complete coordinated geophysical 
services and interpretation 


Geophysical Associates International 
5300 Brownway Houston, Texas 
340 Esperson Building Houston, Texas 


Please mention GropHysics when answering advertisers 
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THE SCHLUMBERGER MICROLOG i THE SCHLUMBERGER SECTION GAUGE 


«THE SCHLUMBERGER 


SURVEY 


Here's another first for Schlumberger — 

A Caliper run simultaneously with the MicroLog 
at no extra cost to the client. Two services 
made on one run for the price of 

the MicroLog only. 


The ability of the MicroLog to indicate 
porous zones and accurately define thin beds 
has been well established. The addition 

of the Caliper to the MicroLog provides other 
valuable information to determine casing 
and packer points, cement volumes and 

mud cake thickness, and it aids materially in 
better log interpretation. 


No added rig time — no added costs. 
Don't just ask for a MicroLog — ask for a 


Schlumberger MicroLog- Caliper 
SCHLUMBERGER 


Well Surveying Corporation 


THE EYES OF THE O1L INDUSTRY See your local Schlumberger engineer about 


this new service. 


Please mention GropHysics when answering advertisers 
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TEX-TUBE 


SHOT HOLE CASING 
BOTH 16 AND 19 GAGE 
with the 


EXCLUSIVE SPEED COUPLER 


Strong, light-weight Tex-Tube with the 
exclusive Speed Coupler will solve your shot 
hole casing problems. Each length of 

16 gage Tex-Tube Shot Hole Casing weighs 
only 20 pounds. Each length of 19 gage 
weighs 13 pounds. With the Speed Coupler, 
make-up is fast and no collars are 
required. Make-up completely engages the 
three threads in only two turns making a 
water tight connection strong enough 

to allow high pressure jetting. Field tests 
under every type of condition have 

proved Tex-Tube to be the best 

shot hole casing. 


Bilderback Dynamite Co. ..... Lafayette, Louisiana 

Houma, Louisiana 
Par-Tain Exploration Co. ...... Bakersfield, California 
Deupree Distributing Co. ....Oklahoma City, Oklahoma ..JAckson 8-6740 
Grove Hardware Co. ......... Oklahoma City, Oklahoma ..JAckson 8-4886 
Teton Tool Co. ......--..-e0e Mills, Wyoming CAsper 2-718! 
Seismic Service Supply, Ltd. .Calgary, Alberta, Canada 
Venezuelan Supply, C. A. .... Caracas, Venezuela 


National Supply Co. ; 
Export Division New York City 
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Houma, Lovisiona 


WHERE'S THIS POINT? 
SHORAN PINPOINTS IT WITHIN 25 FEET, 
OVER 200 MILES OF INACCESSIBLE JUNGLE. 
IN GUATEMALA SHORAN ESTABLISHED CONCESSION 
BOUNDARIES, GUIDED THE MAGNETIC SURVEY PLANE. AERO'S MORE 
THAN A MILLION MILES EXPERIENCE WILL SPEED 
YOUR AERIAL SURVEY. REMEMBER AERO 
WHEN YOU HAVE A TOUGH PROBLEM. 


AERO SERVICE CORPORATION epuiiavetenia 20, PENNSYLVANIA 
Oldest Flying Corporation in the World 


Offices in; TULSA, SALT LAKE CITY, SAN FRANCISCO, OTTAWA, LONDON, JOHANNESBURG 
Please mention GeopHysics when answering advertisers 
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Now with New Type Temperature Shielding 


TYPE V—Vertical Magnetic 
Field Balance 
TYPE H—Horizontal Magnetic 
Field Balance 
TYPE VR—Vertical Magnetic 
Recording Balance 
TYPE HR—Horizontal Magnetic 
Recording Balance 
Standard Sensitivity 
10 gamma per scale division 
—visual 
10 gamma per millimeter— 
recorded 
“SCOUT"’—a light-weight ver- 
tical reconnaissance mag- 
netometer 
Standard Sensitivity 
25 gamma per scale division 
All Ruska magnetometers are 
equipped with temperature 
compensated systems with 
sapphire knife-edges. 


ALSO: HOTCHKISS TYPE SUPER- 
DIP 


BETTER BECAUSE THEY ARE MADE TO BE BETTER 


A superior product plus a program of continual improvement keeps Ruska instru- 
ments unsurpassed. Built to remain accurate and to stand hard use, they are the 
choice of prospectors the world over. 


4 K A INSTRUMENT 
CORPORATION 
4607 MONTROSE BLVD. HOUSTON 6, TEXAS 
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History of the 
Seismograph 
Number 5 
in @ Series. 


During the summer of 1917, Drs. J. Clarence Karcher 
and William P. Haseman first discussed the possibility 
of utilizing reflected sound waves to determine the loca- 
tion of likely oil-bearing structures. On April 12, 1919, 
Dr. Karcher made the first land reflection seismograph 
record in a rock quarry near the National Bureau of 
Standards building in Washington, D. C. 


Later a company was organized to pursue the 
development of the reflection method of prospecting. 
Equipment was completed in May of 1921 and on 
June 4, 1921, the first seismic field party, led by 
Karcher, conducted experiments in a creek bed one 
and one-quarter miles due west of Belle Isle, a suburb 
of Oklahoma City. Experiments continued in other 
parts of Oklahoma through 1921 and some basic tech- 
niques were developed which are still in use, such as 
that of covering the dynamite with a column of water 
to increase its efficiency in producing seismic waves. 
The method was put to practical use in oil exploration 
in 1925 when the Geophysical Research Corporation 


For free 17 x 12%” prints of this entire historical series, send your request to Department D 


3609 BUFFALO SPEEDWAY 


an industry -= the first reflection seismograph party 


TEXAS INSTRUMENTS 


INCORPORATED 
INDUSTRIAL INSTRUMENTATION DIVISION 


HOUSTON, TEXAS * CABLE: HOULAB 


was organized as an Amerada subsidiary with Dr. E. 
L. DeGolyer as president, Dr. Karcher as general 
manager, and Eugene McDermott as laboratory director. 
In 1929 Karcher sold his interest in G.R.C. and in 
1930 with McDermott co-founded Geophysical Service 
Inc., the first independent geophysical service to special- 
ize in reflection seismograph surveys. This organization 
is now Texas Instruments, and G.S.I. is its petroleum 
exploration subsidiary. 


To date, the reflection seis- 
mograph has not been bettered 
as a geophysical method and 
the finest instrumentation avail- 
able are the Seismation systems 
developed by Texas Instruments 
—the 7000B “All Purpose” 
Seismograph, magneDISC, seis- 
MAC, VIP Variable Intensity 
Plotter, and SAC Seismic Ana- 
log Computer. 


“TRADEMARK REGISTRATION APPLIED FoR. 
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VU VARIABLE INTENSITY PLOTTER 


Most rapid and economic means for 
time-correcting and compressing 
seismic data in section form! 


The VARIABLE INTENSITY PLOTTER developed by Texas 
Instruments rapidly corrects for time or depth and com- 
presses a mass of seismic data into section form, while 
preserving the relative character and contrast of reeorded 
events. The VIP cross section closely approaches a geologic 
section, and is therefore readily comprehended by non- 
geophysical personnel. 


VIP is the first all-electronic system devised for variable 
density presentations, with the added speed, reliability 
and accuracy which this assures. Further distinct advan- 
tages of the VARIABLE INTENSITY PLOTTER are: 


Write today for complete information, 


. Low initial cost—lowest processing cost per profile. 


Operates directly from magnetic recording—no inter- 
mediate record 


. Usable with all magnetic transducers. 
. 24 time-corrected channels simultaneously processed 


in one minute. 


. Inherent information retained independently of trace 


width. 


. Timing accuracy of + | millisecond. 
. Visual examination of data on 20-inch cathode ray 


tube. 

Photographic record on 2%” x 3%” negatives with 
obvious storage advantages. 

Traces can be mixed. 

Monitoring of all data possible prior to and during 
processing. 


. Visual indication of time and depth scale on record. 


Easily transported—can be operated by semi-skilled 
personnel. 


specify Bulletin No. S-322, 


° TEXAS INSTRUMENTS 


INCORPORATED 
INDUSTRIAL INSTRUMENTATION DIVISION 


3609 BUFFALO SPEEDWAY * HOUSTON, TEXAS * CABLE: HOULAB “TRADEMARK REGISTRATION APPLIED FOR. 
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History of the 
Gravity Meter 


Number 5 
in a series. 


‘In 1918, Gustaf Ising announced the principle of using 
a highly asratised pendulum, turning around an elastic 
horizontal axis, as a convenient means for making rela- 
tive gravity measurements. This was to be accomplished, 
either dynamically by observing the time of swing, or 
statically by observing the equilibrium deflections of the 
pendulum from its vertical position. 

Ising, with the assistance of N. Urelius and later T. 
Eeg-Olofsson, developed several astatised elastic pendu- 
lum meters of the static type. P. Lejay and F. Holweck 
also employed astatised pendulums, using only the 
dynamic method. The instrument illustrated here is a 
refinement of earlier types and was constructed for the 
Electrical Prospecting Company in 1936. 

Two difficulties of the astatised pendulum are the 
temperature variation of the modulus of elasticity of 
quartz, and the sensitivity of the pendulum to accidental 
ulting of its foot. The first was overcome by surround- 
ing the pendulum with two compartments containing 
melting ice (1 and 2). The second was corrected by 


For free 17 x 1234” prints of this entire historical series, send your request to Department D 


Development of the first gravity meter tor prospecting 


e TEXAS INSTRUMENTS 


INCORPORATED 
INDUSTRIAL INSTRUMENTATION DIVISION 


3609 BUFFALO SPEEDWAY 


containing the pendulum in hermetically sealed chamber 
(3) suspended by metal bands (4) with weight in oil- 
damping chamber (6), all contained in waterproof 
compartment (5). The degree of astatisation may be 
measured two ways: 1. the micrometer screw method 
which brings the pendulum to coincide with fixed lines 
and notes the corresponding positions of the screw; and 
2. the load method causing the pendulum to make sym- 
metrical deviations to each side of its zero position— 
the latter is usually recorded by photographic attach- 
ments. Field reading time with this instrument was 30- 
40 minutes, and its accuracy approximately .5 milligal. 

The Worden Gravity Meter, to- 
day’s world standard, requires no 
external power source. Temperature 
changes are compensated internally, 
weight only 5% pounds, with read- 
ing accuracy of 0.01 milligal. Write 
for Bulletin GM-204 on the rugged 
Worden! 


HOUSTON, TEXAS + CABLE: HOULAB 
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the 400:1* 


Worden Gravity Meter 


goes into operation! 


Texas Instruments Incorporated is the 
first and only member of a highly exclu- 
sive “400 Club.” In the brief span since 
1946, 400 compact and dependable Worden 
Gravity Meters have been precision-manu- 
factured for use in widely varying world- 
wide services. 

In virtually every conceivable operating 
condition, Wordens have proved their 
superiority in accuracy, portability, and 
trouble-free operation. Atop Mount God- 
win Austen in Pakistan, in Kyrope’s natural 
caves, in mine shafts of four continents, on 
the Greenland Ice Cap, during the IGY in 
Antarctica, from helicopter, horseback or 
jeep, from latitudes 0 to 90° .. . both 


geodetic and exploration Worden Gravity 
Meters have provided highly valuable 
information. 

The Worden Gravity Meter weighs only 
five pounds—1/4 to 1/5 the weight of 
other gravity meters in use. The elastic 
system of the meter is quartz with basic 
mass of only five milligrams, and is sealed 
in a partial vacuum. Internally compen- 
sated, no external power source or heating 
coils are required for operation in any 
temperature. The Worden Meter does not 
require pampering or clamping between 
stations and will maintain its high accuracy 
under the roughest of expected operating 


conditions. 


For further information on Worden Standard and 
Geodetic Gravity Meters, write for Bulletin No. GM-204. 


TEXAS INSTRUMENTS INCORPORATED 


INDUSTRIAL INSTRUMENTATION DIVISION 


3609 BUFFALO SPEEDWAY 


HOUSTON, TEXAS * CABLE: HOULAB 


Formerly: HOUSTON TECHNICAL LABORATORIES 
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Out Limb? 


HELP You! 


. .. solve the problem of a difficult location. 
We make accurate, reliable GRAVITY SUR- 
VEYS promptly. You benefit from our 
acquaintance with oil provinces throughout 
North America . . . and our precise inter- 
pretation of geophysical surveys based on 
the latest proven scientific methods. 


E. V. McCOLLUM CRAIG FERRIS 
515 Thompson Bidg. Ph. CHerry 2-3149 


TULSA, OKLAHOMA 
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DYNAMIC 
TIME CORRECTIONS. 


ELECTRO - TECHN! Came 
Biviacon MANDREL 


ESSO RESEARCH AND 


LECTRO-TECH RANGE OF 
Set 


“long and short term contracts 


A. E. “SANDY” McKAY 


Central Office 
2111 Continental Life Bidg. 
Fort Worth, Texas 


Division Offices 


WEST TEXAS. GuLF_ COAST 
Midland, Texas. Houston, Texas 


Aiijiliate: : 


(MYER 


¥ 
; 


GEOPHYSICS, JANUARY, 1958 


wherever your geophysicists 


are operating, your ambition is 


have them 
equipped with 


the best instruments available. 


_.. remember, therefore, 
that one of the finest 


instruments for seismic exploration 


is the French TELESEP 


geophone. 


SOCIETE D’ETUDES PETROLIERES 


6 Avenue Franklin D. Roosevelt 
PARIS 8 FRANCE 
CABLE: PHONE: 
PETROSOC PARIS BAL 66-70 
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25 
YEARS 
OF POINTING 
THE WAY 
FOR THE 
DRILL 


INDEPENDENT EXPLORATION CoO. 


1973 West Gray, Houston, Texas Seoephysical Swweyga 
| Frederick’ ‘s Place, Old Jewry, London, E.C.2, England 
Rue Chabanais, Paris, France OVER 1.661 MAN YEARS OF EXPERIENCE 
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A TRULY PORTABLE 
MAGNETOMETER 


THE VARIAN M-49 


operating on revolutionary nuclear-free-precession 
principle detects variations in the earth's magnetic 
field associated with magnetic ore bodies, subsurface 
fauits and structural anomalies. Sensitivity of plus or 
minus 10 gammas is more than ample for the purpose. 
An extremely short (6 second) automatic reading in- 
terval permits rapid reconnaissance of large areas. 
Weight Is only 16 pounds. 


The Varian M-49 needs no leveling, calibration or ori- 
entation in azimuth. its readings are precise even when 
the magnetometer is in motion — carried by a man on 
foot — mounted on horseback — or embarked in a boat. 
The sensing head is connected by cabie and can be 
separated from the instrument body by several hun- 
dred feet pended by bali tor ed over vertical 


cliffs. 

To achieve these unique properties, Varian uses the 
proton free-precession principle which relies on an im- 
mutable nuclear constant (of the hydrogen atom). Other 
Varian magnetometers operating on this same princi- 
ple in use in magnetic observatories, airborne sur- 
veys, underwater surveys and in spa ehicies. 


FEATURES... 

@ Range 19,000 to 100,000 gammas. 

@ Direct reading meter in gammas:; sensitivity of + 10 
gammas; no calibration required. 

@ Weighs only 16 pounds; ali-transistor design; com- 
pact and rugged. 

@ Reading interval manually controlied or six-second 
automatic; usable stationary or in motion. 

@ Cabie-connected sensing head separable by severa! 
hundred feet for muitilevel surveys 

@ Polarizing cells rechargeable by simpie connection 
to automobile battery. 


for a full explanation of the varie Mag- 


inl 
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details. 


@ VARIAN === 
INSTRUMENT DIVISION 


611 Hansen Way, Palo Alito Catifornia 
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1936 
1941 

BOUND IN BLACK BUCKRAM 
LETTERED IN GOLD 
Now Available 
$6.00 Each 

SOCIETY OF EXPLORATION 
GEOPHYSICISTS 
Box 1536 Tulsa 1, Okla. 


BERG 


For Safe, Efficient, 
Economical Drilling 


Specify 


SPANG 


CABLE 


TOOLS 


“The Higher Standard” 


Spang Cable Tools 


stand out as 


performers in their 


field for: 

® Shot Hole 

® Geological 
Exploration 


Petroleum 
Production 


@ All types of Cable 
and Churn 


Drilling 


Try Spang today! 


SPANG 


SPANG & COMPANY, BUTLER, PA. 


For Sale by Dealers Everywhere 


the top 


Drilling 


Tool 


CABLE 
TOOLS 


Announcing 


General and historical papers 


II 


GEOPHYSICAL CASE HISTORIES, 
VOLUME 


Contents 


Mining case histories 


New uses case histories 


Total number of papers 


WITH GENERAL INDEX AND INDEX TO MAPS 
$6.00 to SEG, AAPG and AIME members—$7.00 to others 


No C.O.D. orders accepted 
SOCIETY OF EXPLORATION GEOPHYSICISTS 


Payment must accompany order 


Box 1536 


Tulsa 1, Oklahoma 
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What You 
Do Read 
in Textbooks 


Textbooks tell us that the observed gravity 
map contains broad gravity patterns, some- 
times consisting of strong “regional” gradients, 
on which are superimposed the local anom- 
alies of particular interest. 


If the “regional” gradient is relatively steep, 
the local prospects may appear as little more 
than local pinching of the contours. In this situ- 
ation it is impossible to evaluate the anomalies 
as well as could be done if the “regional’’ was 
not present. 


In our opinion, the primary purpose of the 
residual map is to remove this ‘masking effect'’ 


Thomas J. Bevan 
910 South Boston 


of the regional. The method of removal should 
not rely on the contouring of the original map 
because the error in gravity of a grid point, 
interpolated from the contours, increases as the 
regional gradient increases. Hence, when we 
need the residual map the most its values be- 
come less reliable. 


To avoid this difficulty we are using a surface 
fitting scheme which calculates the regional ac- 
cording to the position and observed gravity 
at station locations only. The residual values 
then, have the identical limits of error as the 
regular gravity values and the control is iden- 
tical. 


We have been applying this method for 
some five years both to our own work and 
review. Needless to say, we don't have all the 
answers, but we believe we have made defi- 
nite progress in the interpretation of anomalies 
superimposed on steep regional gradients. 


Ed M. Handley 
Tulsa, Oklahoma 
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complete geophysical service.... 


SEISMIC SURVEYS — Experienced SSC contract field as ; 
crews are available for seismic prospecting “wherever 
oil must be discovered ” : ae ae SEISMIC SURVEYS 


SEISMIC DATA PROCESSING AND PRESENTATION 
Complete instrument “centers” achieve the most effec- 35 . 
tive interpretation of seismic data. 


GRAVITY SURVEYS — Experienced crews, using mod- [9 
ern methods of gravitational prospecting, provide data 
for SSC’s new gravity interpretational techniques. : 


CONTINUOUS VELOCITY LOGGING — The widely 
accepted CVL method assures more accurate sersmic 
surveys, and more effective borehole evaluations. 


ELECTRONIC POSITIONING — LORAC provides pre- 
cise positioning for geophysical, hydrographic and other 
surveys on land, over water and in the air 
GEOPHYSICAL INSTRUMENTS — SSC offers for sale 
its most advanced and proven equipment used in all 
phases of geophysical operations 

SSC is equipped with the experienced crews and the 


exploration tools necessary for the discovery of petroleum 
.. @nywhere. SSC is ready to serve you today. 


SEISMIC — GRAVITY AND MAGHETIC SURVEYS — LORAC — CONTINUOUS VELOCITY LOGGING 


Seismograph Se Service vice Corporat tion 


6200 Eost 41st Street © Riverside 3-1381 
SSC of Conoda * SSC of Colombe * SSC 


of Bolivia * SSC of Mexico * SSC of 

groph Service Limited—England * Seis- 
WORLD-WIDE ARTES 4 


Froncoise de Prospection Sismique 
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the beginning of a million dollar detective story 


When your exploration and drilling costs for a prospect approach the 
million mark you'll feel easier in mind if your geophysical work has 
been conducted by a company that knows what it is doing. 

The right instruments and equipment, the right personnel and the 
right supervision, in the right place at the right time... that’s the 
service GSI provides your program. 

Have confidence in the solution of your detective story .. . competent 
geophysical exploration means fewer dry holes. 


Georenysicar Service Inc. 


100 EXCHANGE PARK NORTH © GALLAS BE, TEXAS 
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